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The fossilized remains of the calcite shells of foraminifera comprise one of the most
continuous and reliable records of the geologic evolution of climate and ocean chem-
istry. The trace elemental composition of foraminiferal shells has been shown to sys-
tematically respond to seawater properties, providing a way to reconstruct oceanic con-
ditions throughout the last 170 million years. In particular, the boron/calcium ratio of
foraminiferal calcite (B/Ca) is an emerging proxy for the seawater carbonate system,
which plays a major role in regulating atmospheric CO2 and thus Earth’s climate. In
planktic foraminifera, previous culture studies have shown that shell B/Ca increases with
seawater pH, which is hypothesized to result from increased incorporation of borate ion
(B(OH)4-) at high pH; increasing pH increases the [B(OH)4-] of seawater. However, fur-
ther experiments showed that B/Ca responds to both pH and seawater dissolved inor-
ganic carbon concentration (DIC), leading to the hypothesis that B/Ca is driven by the
[B(OH)4-/DIC] ratio of seawater. Because pH (and thus B(OH)4-) can be determined via
the δ11B composition of foraminiferal calcite, B/Ca therefore may provide an opportunity
to determine seawater DIC in the geologic past.
Themagnesium/calcium ratio (Mg/Ca) of foraminifer shells is a well-established proxy
for seawater temperatures, where foraminiferal Mg/Ca increases at greater temperatures.
However, foraminifera shell chemistry such as B/Ca and Mg/Ca ratios also depend on the
major ion chemistry of seawater. For example, the seawaterMg/Ca ratio (Mg/Casw), which
has increased significantly over the last 60 million years, is known to affect the sensitivity
of the Mg/Ca proxy to temperature. In addition, the seawater boron concentration ([B]sw)
has also increased across the Cenozoic. The dependence of B/Ca proxy relationships on
Mg/Casw and [B]sw composition remains unknown.
During the Paleogene era (65-34 Ma), Earth’s climate was characterized by a num-
ber of rapid warming events termed ”hyperthermals”. Evidence from the sedimentary
record suggests that hyperthermals were catalyzed by rapid carbon release and caused
widespread ocean acidification and deep-sea deoxygenation. These hyperthermal events
present the best geologic analog conditions to anthropogenic climate change, and their
study can therefore help to illuminate how the Earth system responds to rapid carbon
release and warming. Planktic foraminiferal B/Ca records from the largest hyperthermal
event, the Paleocene-Eocene Thermal Maximum (PETM), show a large decrease, which
agrees with the theory that ocean acidification should cause B/Ca to decline. However,
the decrease is larger than can be reconciled from existing proxy calibrations conducted
in modern seawater, begging the question of whether the low Mg/Casw of the Paleogene
Ocean affected the sensitivity of B/Ca to the seawater carbonate system. Because there
are also a number of outstanding uncertainties regarding the controls on B/Ca- including
seawater [Ca] and shell growth rate, light intensity, and phosphate concentration- it is
also possible that these factors contributed to the PETM B/Ca excursion. The influence
of these additional parameters on B/Ca, as well as the influence of Mg/Casw, needs to be
tested in controlled culture experiments.
To address these outstanding questions in proxy development, I conducted a series of
culture experiments in three living planktic foraminifer species- Orbulina universa, Trilo-
batus sacculifer, and Globigerinoides ruber (pink). In order to refine our understanding of
proxy controls on foraminiferal B/Ca, I investigated how foraminiferal B/Ca is affected
by variable light intensity, growth rate (indirectly via seawater [Ca] manipulation), and
seawater [B]. Subsequently I tested the influence of low seawater Mg/Ca, analogous to
that of the Paleocene ocean, on B/Ca-carbonate chemistry relationships. In Chapters 2
and 3, I detail howmy results support the notion that planktic foraminiferal B/Ca in these
three symbiont-bearing species is driven by the B(OH)4-/DIC ratio of seawater and is not
compromised by growth rate effects. Furthermore, the sensitivity of B/Ca to B(OH)4-/DIC
is increased under low Mg/Casw in both O. universa and T. sacculifer. In Chapters 2 and
3, I hypothesize that this increased sensitivity is due to decreased cellular pH regulation
under low Mg/Casw, leading to a greater sensitivity of the foraminiferal microenviron-
ment’s carbon system to external forcing. I define new culture calibrations that can be
applied to records from Paleocene seawater in Chapter 3, and use these calibrations to re-
construct surface ocean DIC and the overall size of the carbon system perturbation across
the PETM in Chapter 4. Finally, in Chapter 5, I show how foraminiferal Mg/Ca responds
to seawater Mg/Ca and the carbon system from these same experiments, with implica-
tions for accounting for carbon system influences on Mg/Ca from early Cenozoic proxy
records.
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In order to provide the natural context for anthropogenic climate change, we must look to
records of past climate stored in geologic archives. Over the past century, scientists have
used paleoclimate records to parse out the relative influence of natural versus human-
induced forcing on the climate system (e.g., D’Arrigo, Wilson, and Jacoby 2006, Mann,
Bradley, and Hughes 1998, Rosenthal et al. 2017). The resounding consensus is that hu-
mans have caused 91 to 100 percent of the observed global warming and that the cause
is the emission of carbon dioxide into the atmosphere (Knutson et al. 2017). While it re-
mains unequivocal that anthropogenic climate change has been caused by human carbon
emissions, paleoclimate studies allow us to further understand and predict the outlook
for the climate system and humanity in a warmer world. Of unparalleled value is the
record of Earth’s history that is captured by continuous sequences of deep-sea sediments.
The interpretation of the information that yields from the chemical composition of these
sediments and its fossils forms the basis for the field of paleoceanography.
1
1.1 Earth’s Climate History
Over the past 65 million years, since the demise of the dinosaurs, Earth’s climate has un-
dergone a gradual cooling trend (Zachos et al. 2001). The cause of this gradual cooling
trend has been an area of debate for decades, with some favoring CO2 drawdown as a re-
sult of chemical weathering associated with the Himalayan orogeny (Raymo, Ruddiman,
and Froelich 1988) and increase in global topographic relief (Maher andChamberlain 2014)
while others implicate reduced seafloor spreading rates and therefore less tectonic out-
gassing of CO2 (Berner, Lasaga, and Garrells 1983). Superimposed upon this long-term
trend, the climate record is punctuated by abrupt warming and cooling events, tempo-
rary reversals, and step-wise shifts in global climate (Figure 1.1). For example, the Eocene
Epoch was truncated by a rapid, step wise glaciation, representing the first buildup of
ice on Antarctica 34 million years ago (Ma) (Coxall et al. 2005). Furthermore, glaciation
took hold in the Northern Hemisphere around 2.7 million years ago, and since that time
Earth’s climate has swung in and out of gradually intensifying glacial periods (Shackleton
and Opdyke 1973, Lisiecki and Raymo 2005). At around 1 million years ago, during the
Mid-Pleistocene Transition, the periodicity of glacial cycles switched from 40 kyr to 100
kyr pacing (e.g., Clark et al. 2006), ushering in the large glacial cycles that have charac-
terized the evolution of Homo sapiens (Stringer 2016).
Repeatedly, carbon dioxide is implicated as a primary driver of climate change across
the Cenozoic, ranging from glacial-interglacial timescales to the profound warmth of the
Eocene greenhouse world from 53-34 Ma (Cramwinckel et al. 2018, Lüthi et al. 2008). It
is also clear that a complex web of solar radiation forcing, tectonic changes, cryosphere-
2
climate interactions, and biogeochemical alterations by terrestrial and marine biology


































Figure 1.1: The climate record of the Cenozoic era. The benthic stable oxygen isotope
record from deep-sea sediment cores, plotted here, shows the evolution of deep-sea tem-
perature and global ice volume over the past 65 million years. Major climate events such
as the Mid-Miocene Climatic Optimum (MMCO), the Early Eocene Climatic Optiumum
(EECO), and the Paleocene-EoceneThermal Maximum (PETM) are noted. Oxygen isotope
data are from Zachos et al. (2001).
Ancient climate change presents a “natural laboratory” for understanding the ways
that the Earth system responds to perturbations to atmospheric CO2 levels, warming, and
other factors that control global climate. One crucial paleoclimatic question of interest
is constraining the rate of past warming events and the ultimate response and recovery
of the Earth system. These past time periods and events, while never a perfect analog to
anthropogenic climate change, offer vital insight into the biological, chemical, and envi-
ronmental responses to high CO2 conditions and a warmer atmosphere.
The Paleogene era (64-34 Ma) is a commonly targeted time period for understanding
Earth’s climate and life in a warmer world. Early reconstructions determined that the Pa-
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leogene was much warmer than today based on evidence of the presence of tropical land
plants as well as crocodiles in the polar regions (Estes and Hutchison 1980, McIver and
Basinger 1999 ). Further reconstructions have determined that deep ocean temperatures
were about 12℃ warmer (e.g., Lear et al. 2000) and that atmospheric CO2 was likely much
higher than today (Anagnostou et al. 2016). Many have proposed that the overall cause of
Eocene warmth was the pronounced volcanism that occurred from 40-60 Ma, correlating
to enhanced CO2 outgassing (Zachos, Dickens, and Zeebe 2008). Furthermore, a combi-
nation of paleoclimate data and modeling studies have determined that the meridional
temperature gradient was greatly reduced (e.g., Sluijs et al. 2006) and that cloud cover
was possibly lower than today (Schneider, Kaul, and Pressel 2019), yielding insight into
the way that global climate operates under a warmer background state.
During the Paleogene, Earth’s climate was also characterized by a number of
rapid warming events termed ”hyperthermals”. The largest hyperthermal, termed the
Paleocene-Eocene Thermal Maximum (PETM), is one of the most well-studied paleocli-
matic events in Earth’s history. This is because the PETM presents the most analogous
climatic scenario to anthropogenic climate change. Across the event, a massive amount
of isotopically depleted carbon was released into the atmosphere and ocean, causing
widespread warming (Zachos et al. 2003), ocean acidification (Penman et al. 2014, Ba-
bila et al. 2018), changes to the hydrological cycle (Zachos et al. 2003), and alterations to
ocean circulation (Thomas, Bralower, and Jones 2003). The PETM was first identified in
marine sediment records when stable isotopic analysis of foraminifera shells across the
event showed a decrease in δ13C coincident with an increase in δ18O, signatures of carbon
input and warming, respectively (Kennett and Stott 1991). Where sediments are calcium
4
carbonate-bearing before the PETM, the event can be recognized as a sediment layer that
was abruptly depleted of calcium carbonate (CaCO3), followed by a gradual recovery to
carbonate-rich sediments (Zachos et al. 2005). This sedimentary signature records the
acidification of the ocean that occurred as a result of rapid CO2 emissions. These chemical
and physical signatures of rapid warming and carbon release have now been recognized
in Paleocene-Eocene sedimentary sections all around the globe (e.g., Zachos et al. 2005,
Cui et al. 2011, Hollis et al. 2015, Gutjahr et al. 2017).
The root cause of the PETM has been a matter of debate for multiple decades. Possible
carbon sources range from the dissociation of isotopically very light methane clathrates
from the deep sea (δ13C=-60‰, Dickens et al. 1995) to the oxidation of organic matter
(δ13C=-20‰, Higgins and Schrag 2006), an introduction of carbon from a cometary im-
pact (Wright and Schaller 2013), or the release of volcanically-derived carbon (δ13C=-6‰
Gutjahr et al. 2017). In addition, it is equally possible that a number of carbon sources
with different δ13C signatures contributed to the PETM carbon excursion, implicating the
onset of carbon cycle feedbacks that helped to amplify the initial PETM warming pertur-
bation (Zeebe et al. 2009, Lyons et al. 2019). It is clear from numerous methodologies
that the PETM carbon release occurred much more slowly than anthropogenic emissions
are proceeding, likely by at least an order of magnitude (Zeebe, Ridgwell, and Zachos
2016, Turner and Ridgwell 2016). However, determining the cause of the PETM and the
nature of the subsequent recovery of the Earth system stands to continue to improve our




Carbon in the Ocean
The ocean is the Earth’s largest exchangeable carbon reservoir and as such plays a vital
role in controlling the global carbon cycle and climate. Furthermore, the ocean serves
as the main sink for increasing atmospheric CO2, profoundly mitigating anthropogenic
emissions and limiting the accumulation of CO2 in the atmospheric reservoir (Sabine et
al. 2004). In order to understand the ocean’s role in controlling the global carbon cycle,
it is necessary to understand the carbon chemistry of seawater. Inorganic carbon exists
in the global ocean reservoir in three primary forms: dissolved carbon dioxide (CO2),
bicarbonate ion (HCO3-), and carbonate ion (CO32-). When CO2 enters the ocean, it not
only dissolves in seawater, but also reacts with water to form carbonic acid. Carbonic acid
subsequently deprotonates, releasing H+ ions. This process is comprised of the following
chemical equilibria:
CO2 +H2O ⇀↽ H2CO3 ⇀↽ HCO
−
3 +H
+ ⇀↽ CO2−3 + 2H
+ (1.1)
The concentration of each carbon species depends on the pH of seawater, which can be
visualized via a Bjerrum plot (Figure 1.1). At the pH of seawater (8.02 on the total scale),
seawater DIC is primarily composed of HCO3- (Figure 1.2).
As a result of CO2 input, the release of H+ is the chemical reaction that is causing the
modern ocean to acidify. However, the ocean’s natural reservoir of CO32- helps to buffer
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some of this H+:
CO2−3 +H
+ ⇀↽ HCO−3 (1.2)
Therefore, contrary to the expression of the Bjerrum plot, where the proportion of carbon
species is determined by pH, the carbon species themselves serve to buffer seawater pH
(Zeebe and Wolf-Gladrow 2001).
























Figure 1.2: Bjerrum plot of the carbon species in seawater. The proportion of DIC that is
composed of CO2, HCO3-, and CO32- is shown. At seawater pH, DIC is primarily composed
of HCO3-.
Together, the sum of all of the three carbon species is termed the dissolved inor-
ganic carbon content (DIC) of the ocean, sometimes also termed TCO2 (e.g., Zeebe Wolf-
Gladrow 2001):





The DIC of a given parcel of seawater can be altered in a few key ways. Firstly, the uptake
of CO2 by phytoplankton and other photosynthesizers decreases surface ocean DIC as
carbon is reduced and incorporated into organic matter. When this organic carbon slowly
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sinks through the water column and is oxidized, DIC is released back into the oceanic
reservoir. This leads to depth gradients in seawater DIC profiles, where DIC increases
with depth. Furthermore, input of CO2 into the atmosphere from e.g., volcanic or fossil
fuel emissions causes an increase in oceanic DIC via equilibration between the surface
ocean and atmosphere. On longer timescales (i.e., thousands to millions of years), DIC is
added to the ocean from the chemical weathering of carbonate and silicate rocks, and is
removed from the ocean via the burial of organic matter in ocean sediments as well as via
the precipitation and burial of CaCO3 sediments.
Another key property of the oceanic carbon system is alkalinity. In seawater, the
sum of positive charges from conservative cations (Na+, Mg2+, Ca2+, Sr2+) exceeds the
sum of negative charges from conservative anions (Cl-, Br-, F-, SO42-, NO3-). For seawater
to maintain electroneutrality, the sum of anions in solution must ultimately equal the
sum of cations. This negative charge deficiency is compensated for by the speciation of
non-conservative anions in seawater, i.e., ions whose speciation depends on temperature,
pressure, or pH:
([Na+] + [K+] + 2 ∗ [Mg2+] + 2 ∗ [Ca2+] + 2 ∗ [Sr2+] + [H+])−
([Cl−] + 2 ∗ [SO2−4 ] + [Br−] + [F−] + [NO−3 ] + [B(OH)−4 ]+
HCO−3 + 2 ∗ [CO2−3 ] + [H2PO−4 ] + 2 ∗ [HPO2−4 ] + 3 ∗ [PO3−4 ]+
HSiO−3 + [OH−]) = 0
In this equation, the concentration of each ion is multiplied by its charge in order to
be accounted for in terms of electron balance. In seawater, the negative charge deficiency
is primarily compensated for by the speciation of carbon ions, with minor contributions
from the other non-conservative anions (such as B(OH)4-) listed above. Carbonate alka-
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linity can be generally defined as:
Carbonate Alkalinity = 2 ∗ CO2−3 +HCO−3 (1.4)
Similar to DIC, oceanic alkalinity can be altered in a few key ways, which ultimately
controls the geologic mitigation and storage of atmospheric CO2 (Figure 1.3). Carbonate
alkalinity is decreased in the surface ocean by marine calcifiers, such as foraminifera and
coccolithophores, that make their shells out of Ca2+ and CO32- ions. When these shells
sink to the seafloor, their dissolution releases alkalinity back into the deep sea reservoir.
This is because as pressure increases at deeper water depths, the solubility of CaCO3, or
Ωcalcite, increases. Ωcalcite is defined as:
Ωcalcite =
[Ca2+] ∗ [CO2−3 ]
Ksp
(1.5)
Where, Ksp, or the calcite solubility constant, can be defined as:
Ksp = [Ca
2+]sat ∗ [CO2−3 ]sat (1.6)
As such, similar to DIC, alkalinity also shows a positive gradient in oceanic depth profiles.
At shallow water depths above the calcium carbonate dissolution horizon, or the lyso-
cline, CaCO3 is preserved. At a certain depth, the CaCO3 content of deep sea sediments
reaches zero, where the supply and dissolution of calcite to sediments are equal to each
other. This depth, which is a crucial marker of general carbon cycle processes in the
























Figure 1.3: Relationship between seawater DIC and Alkalinity. Each arrow represents
the direction of change associated with each process (photosynthesis, respiration, etc.).
The direction of pH change associated with each process is also noted. After Zeebe and
Wolf-Gladrow 2001.
A key difference between alkalinity and DIC is that alkalinity does not change during
rapid ocean acidification on short timescales (i.e., <100 yrs) (Figure 1.3). This is because
when CO2 reacts with water and dissociates into HCO3- and H+, charge balance, and
alkalinity, is ultimately maintained. However, on longer time scales (> 7-10 kyr), ocean
acidification will cause alkalinity to increase. This is because as acidic water is propagated
into the deep sea, seafloor carbonates begin to dissolve, adding Ca2+ and CO32- ions to
seawater (Broecker and Peng 1987). Increased oceanic alkalinity, which increases the
ocean’s capacity for the absorption of CO2, will therefore serve as a negative feedback on
CO2 change on the timescale of 7-10 kyrs, termed the ”carbonate compensation feedback”
(Broecker and Peng 1987). While carbonate compensation is generally thought to be a
negative feedback process that occurs on 7-10 kyr timescales, recent evidence has shown
that modern dissolution of shallow carbonate sediments is already occurring as a response
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to anthropogenic CO2 emissions (Sulpis et al. 2018).
On the longest geologic timescales (>10,000 yrs), alkalinity is added to the ocean from
the chemical weathering of rocks on land, adding ions such as Na+, Mg2+, Ca2+, and HCO3-
to the ocean, here represented in a simplified reaction including the calcium-silicate min-
eral Wollastonite:
CaSiO3 + 2CO2 +H2O → Ca2+ + 2HCO−3 + SiO2 (1.7)
In this process, atmospheric CO2 undergoes hydrolysis to form HCO3-, which is the first
step in removing CO2 from the atmosphere via the silicate weathering feedback.
Above the CCD, the burial of CaCO3 sediments is ultimately the major sink of ocean
alkalinity. Carbonate burial also ultimately sequesters carbon in the geologic reservoir as
the final step in the silicate weathering-carbon burial feedback:
Ca2+ + 2HCO−3 → CaCO3 + CO2 +H2O (1.8)
Understanding these alkalinity feedbacks is paramount for predicting the fate of atmo-
spheric CO2 (Archer 2005, Archer, Kheshgi, and Maier-Reimer 1998).
Geologic Evolution of Seawater Chemistry
Today, the ocean has a relatively constant composition of major ion ratios (e.g., the seawa-
terMg/Ca ratio) that does not varywith geographic location. This is because the residence
time of major ions in the ocean is long (i.e., 1-100 million years) compared to the mixing
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timescale of the global oceans (i.e., 1,000 years).
On timescales longer than the residence time of the major elements in seawater,
oceanic major ion chemistry has evolved significantly. In particular, oceanic [Ca] and
[Mg] have changed over the Cenozoic; [Ca] has decreased approximately two-fold across
the last 60 Myr, whereas [Mg] has increased by about 75% (Figure 1.4, Stanley and Hardie
1998, Horita et al. 2002, Lowenstein et al. 2003, Brennan et al. 2013, Rausch et al. 2013,
Coggon et al. 2010 ). The ratio of Mg/Ca in seawater (Mg/Casw) is a critical parameter of
interest because seawater [Ca] controls the ocean’s saturation state, which ultimately de-
termines the burial of CaCO3 in sediments and thus affects atmospheric CO2 and climate.
The principal archives utilized for reconstructing past seawater chemistry are fluid
inclusions of seawater brine that remain trapped in evaporite minerals such as halite
(Lowenstein et al. 2001). When large-scale evaporation takes place and evaporite deposits
form, small fluid inclusions of the remaining seawater brines are trapped in individual
crystals. While these brines do not represent pristine seawater, as evaporite precipitation
has depleted them of major seawater ionic constitutents, they yield insight into seawater
Mg/Ca based on the residual brine chemistry. For example, gypsum (CaSO4) is the first
mineral that precipitates from seawater during evaporite formation, followed by halite.
As such, halite precipitation will only take place after either the [Ca] or SO42- reservoirs in
the evaporating brine are depleted; halite fluid inclusions will therefore record the balance
of Ca to SO42- in seawater, which in conjunction with other elemental abundances (e.g.,
K+ and Mg2+) can be used to infer paleo-seawater chemistry (Brennan et al. 2013). While
not pristine archives, the convergence of estimates from fluid inclusions as well as multi-
ple other independent methods such as the Mg/Ca content of mid-ocean ridge carbonates
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(Coggon et al. 2010; Rausch et al. 2013) has led to the definition of Cenozoic seawater [Ca]
and [Mg] trajectories (Figure 1.4, e.g., Hönisch et al. 2019, Zeebe and Tyrrell 2019).
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Figure 1.4: Cenozoic evolution of seawater chemistry. Fluid inclusions from marine
halites have shown that seawater Mg concentration increased over the past 60 million
years, whereas seawater Ca concentration has decreased by twofold. Independent prox-
ies for seawater Mg/Ca, including CaCO3 veins from ridge flanks (Coggon et al. 2010,
Rausch et al. 2013) and paired clumped isotope and foraminiferal Mg/Ca measurements
(Evans et al. 2017) broadly support this trajectory of increasing Mg/Casw across the Ceno-
zoic. Fits to fluid inclusion data are from Hönisch et al. 2019.
The underlying controls on seawater [Ca] and [Mg] are still debated, but the pri-
mary hypothesis suggests that changes to the seafloor spreading rate control the sea-
water Mg/Ca ratio. During seafloor spreading, hydrothermal circulation causes Mg2+ to
exchange for Ca2+ during the hydrothermal alteration of basalt, leading to a decrease in
the Mg/Casw ratio (Stanley and Hardie 1998). Recent work has argued that the ratio of
slow to fast spreading ridges operating on the seafloor instead controls the exchange be-
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tween Mg2+ and Ca2+, where the alteration of peridotite at slow-spreading ridges releases
more Mg2+; subsequently, the shift from fast-spreading ridge systems in the Mesozoic to
slow-spreading ones in the Cenozoic is called upon to explain the increase in Mg/Casw
over the past 80 million years (Ligi et al. 2013). Other recent hypotheses have posited
that reverse weathering at the seafloor acts as a major sink for Mg2+; consequently, re-
duced reverse weathering over the Cenozoic may have caused an increase in seawater
[Mg] (Dunlea et al. 2017). Conversely, it is also possible that gradually declining sea level
over the Cenozoic caused a decrease in dolomitization on shallow carbonate platforms
(i.e., conversion of CaCO3 to MgCO3 during diagenesis), causing an increase in seawater
[Mg] (Broecker et al. 2013). Finally, an increase in weathering of Mg-rich CaCO3 deposits
has also been implicated for the increase in Mg/Casw (Li and Elderfield 2013).
The long-term history of oceanic carbonate chemistry is also difficult to reconstruct.
This is the case because the principal foraminiferal proxy for the carbon system, shell cal-
cite δ11B, depends on the δ11B of seawater, which remains incompletely constrained (e.g.,
Hönisch et al. 2019). However, one crucial carbon system constraint that can be observed
is how the sedimentary CaCO3 compensation depth (CCD) has changed through time.
Reconstructed from transects of ocean drilling cores, CCD reconstructions can be paired
with seawater [Ca] records to determine the evolution of the seawater CO32- by assuming
that CaCO3 saturation state has remained relatively constant across the Cenozoic (Tyrrell
and Zeebe 2004, Zeebe and Tyrrell 2019). The most recently updated analysis (Zeebe
and Tyrrell 2019) supports original findings (Tyrrell and Zeebe 2004) that seawater CO32-
has increased over the Cenozoic. Using surface ocean pH derived from the GEOCARB
model as a secondary constraint on the carbon system (Berner and Khotavala 2001), this
14
approach also suggests relatively stable seawater DIC trajectories across the Cenozoic
(Figure 1.3).
Importantly for the application of foraminiferal boron-based proxies, the boron con-
centration and boron isotopic composition of seawater has also likely changed across the
Cenozoic (Raitzsch and Hönisch 2013, Lemarchand et al. 2000, Greenop et al. 2017). On
Plio-Pleistocene timescales- across which B proxy records have provided key constraints
on ocean pH and atmospheric CO2 (Hönisch et al. 2009)- seawater [B] and δ11B likely did
not vary significantly due to the long residence time of B in seawater (10 Myr, Lemarc-
hand et al. 2000). However, modeling studies that include past changes to river discharge
argue that seawater B may have varied significantly across the Cenozoic, suggesting an
overall increase in [B] over the last 60 million years (Lemarchand et al. 2000, Figure 1.3).
However, these estimates remain poorly constrained due to the large uncertainties in es-
timated changes to river fluxes over the Cenozoic (Hönisch et al. 2019).
1.3 Paleoclimate Proxies: Foraminiferal Calcite
Foraminiferal calcite is one of the most valuable paleoclimate archives of oceanographic
conditions. Planktic foraminifera, which are small, single-celled protists, are dwellers of
the surface ocean that evolved 170 million years ago (e.g., Caron and Homewood 1983,
Saunders, Bolli, and Perch-Nielsen 1985). Since that time, the slow and continuous ac-
cumulation of foraminifer shells on the seafloor has yielded an unparalleled record of
oceanic conditions.
When foraminifers grow, the chemistry of their calcite shell records the chemistry
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and physical properties of the seawater in which they grew. The first paleoceanographic
proxies to be established from foraminifer shell chemistry were the oxygen isotope (δ18O)
and carbon isotope (δ13C) ratios of foraminiferal shell calcite. Oxygen on Earth exists
in two primary isotopes: 16O and 18O. Oxygen isotope fractionation into calcite is tem-
perature dependent (e.g., Kim and O’Neil 1997), making foraminiferal calcite an excellent
paleo-thermometer. In addition to temperature, foraminiferal δ18O also depends on sea-
water δ18O, which is determined by the amount of light 16O that is locked up in ice sheets
at any given time. In 1955, Cesare Emiliani published the first oxygen isotope record from
benthic foraminifera across the late Pleistocene, showing that Earth had oscillated in and
out of ice ages at least five times in the recent past (Emiliani 1955). These oscillations were
later linked to regular variations in solar insolation forcing first proposed by Milutin Mi-
lankovitch, establishing the astronomical theory for the cause of ice ages (Hays, Imbrie,
and Shackleton 1976).
Another utility of foraminiferal calcite for reconstructing past ocean conditions yields
from the systematic incorporation of chemical impurities into their shells. Foraminifers
secrete their shells (or “tests”) to form the CaCO3 polymorph calcite. During precipita-
tion, trace amount of impurities, such as Mg2+, Sr2+, and B(OH)4-, are incorporated into
the shell. Generally speaking, incorporation into calcite is greatest for ions with similar
ionic radii as Ca2+ and CO32- ions (e.g., Okumura and Kitano 1986, Hemming and Hanson
1992). However, because modern ocean chemistry (specifically, the ratio of Mg to Ca)
favors the inorganic precipitation of the CaCO3 polymorph aragonite, we therefore know
that foraminifers must significantly alter the chemistry of the calcifying environment in
order to precipitate their shells in the form of calcite (e.g., Bentov and Erez 2006). As
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such, foraminifers are not simply inorganic crystal precipitates that follow simple chem-
ical systematics. The influence of biological processes on foraminiferal calcite chemistry
presents one of the largest challenges in the field of paleoceanography.
Fortuitously, the incorporation of these shell impurities is often systematic and bears
resemblance to the predictions based on inorganic calcites. For example, the incorpora-
tion of Mg2+ into calcite is endothermic, meaning that energy is required to facilitate the
reaction. Accordingly, the incorporation of Mg2+ into calcite is expected to increase with
the temperature of the surrounding fluid. Indeed, inorganic calcites do show an increase
in shell Mg content with temperature, measured as the Mg/Ca ratio (Oomori et al. 1987).
Studies from culture, coretops, and sediment traps have confirmed that foraminiferal cal-
cite also systematically increases with temperature (e.g., Anand, Elderfield, and Conte
2004, Russell et al. 2004, Nürnberg et al. 1996, Richey et al. 2019 ). However, the sensi-
tivity of foraminiferal Mg/Ca to temperature is often greater than inorganic calcites, and
planktic foraminifers have a shell Mg content that is an order of magnitude lower than
that of inorganic calcites (Bentov and Erez 2006, Evans et al. 2018). As such, it is clear that
significant modification of cellular Mg2+ takes place during shell precipitation, and that
foraminifers likely possess Mg2+ exclusion mechanisms to facilitate shell precipitation
(Evans, Müller, and Erez 2018). One potential expression of this cellular [Mg] modifica-
tion is that shell Mg/Ca has also been shown to be sensitive to the carbonate system (e.g.,
pH and DIC, Evans et al. 2015, Allen et al. 2016). The potential influence of these carbon
system effects on Mg/Ca reconstructions remains an active area of research (e.g., Gray et
al. 2018, 2019) that I investigate in Chapter 5.
Another important shell impurity that forms the basis for our understanding of past
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oceanic carbon chemistry is the boron content and isotopic composition of foraminiferal
shells. First proposed as a paleoceanographic tool in 2007 by Jimin Yu, the basis for the
boron/calcium ratio proxy (B/Ca) yields from the behavior of boron ions in seawater,
and is closely linked to the systematics that underpin the boron isotope (δ11B) proxy for
seawater pH (Hemming and Hanson 1992). Boron exists in two major forms in seawa-
ter: boric acid (B(OH)3) and borate ion (B(OH)4-). As pH increases, the proportion of
B(OH)4-/B(OH)3 increases (Figure 1.5). Boron isotope evidence suggests that B(OH)4- is
the form of boron that is incorporated into foraminifera shells (Hemming and Hanson
1992). Therefore, as the concentration of B(OH)4- increases in seawater with pH, we also
expect the B/Ca ratio of foraminiferal calcite to increase (Yu et al. 2007).
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Figure 1.5: Concentration of dissolved boron species in seawater and foraminiferal B/Ca
systematics. As seawater pH increases, B(OH)4- increases at the expense of B(OH)3. Be-
cause B(OH)4- is the boron species incorporated into foraminiferal calcite, shell B/Ca is
expected to increase with pH as well, which has been observed in multiple species from
controlled culture experiments.
Indeed, culture studies conducted by K. Allen and colleagues first showed in controlled
culture experiments that planktic foraminiferal B/Ca increases with pH, confirming the
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proxy’s basic underpinnings (Figure 1.5, Allen et al. 2012, Allen et al. 2011). Allen’s work
also concluded that seawater DIC also causes B/Ca to decrease, proposing that the proxy
is driven by the ratio of B(OH)4- to DIC (or HCO3-) rather than strictly B(OH)4- (Allen
et al. 2012). However, numerous additional controls have been proposed on B/Ca. Re-
cent inorganic calcite precipitation experiments have suggested that crystal growth rate
is a primary control on the the incorporation of B into inorganic calcite (Uchikawa et al.
2015, 2017), whereas others have argued that phosphate concentration and light intensity
are significant controls on the proxy based on evidence from studies with foraminifera
(Babila et al. 2016, Henehan et al. 2015). Therefore, B/Ca records from the past may
be complicated by these competing effects, the nature of which needs to be further con-
strained in controlled culture experiments. Despite these potential competing effects,
records of B/Ca from planktic foraminifera measured across the PETM have showed con-
sistently large, abrupt decreases in B/Ca, consistent with the theory that increasing DIC
and decreasing pH during ocean acidification events will act in tandem to decrease B/Ca.
Therefore, B/Ca records across Paleogene hyperthermal events hold great value if they
can be interpreted quantitatively alongside δ11B-derived estimates of seawater pH.
Based on inorganic calcite systematics, we expect that the evolution of seawater chem-
istry (e.g., [Ca], [Mg], and [B]) will significantly affect the behavior of our foraminiferal
chemistry proxies. At a first order, one simple expectation is that as the concentra-
tion of e.g., seawater [B] increases, shell B/Ca will increase, which has been observed
in foraminifer culture studies (Allen et al. 2011). However, the behavior of B/Ca under
low [B]sw, such as pervailed during the early Cenozoic (Lemarchand et al. 2000), remained
untested. Decreasing shell Mg/Ca is also observed at low seawater Mg/Ca, following the
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simple predictions from element partitioning but also pointing to species-specific incor-
poration behavior (Delaney, Bé, and Boyle 1985, Evans and Müller 2012, Evans, Müller,
and Erez 2018, Evans et al. 2016). However, culture studies have also shown that the
effect of seawater chemistry on proxies such as shell Mg/Ca goes beyond such basic ex-
pectations. For example, seawater Mg/Ca has been shown to affect the sensitivity of the
Mg/Ca proxy to temperature; as seawater Mg/Ca decreases, the proxy becomes less sen-
sitive, such that a given increase in shell Mg/Ca corresponds to a greater temperature
change (Evans et al. 2016). In order to generate robust paleoceanographic records from
foraminifer chemistry during past intervals when seawater chemistry was different than
today, it is therefore necessary to constrain the interactive influences of seawater ionic
composition (e.g., [Mg], [Ca], and [B]) on the sensitivity of shell Mg/Ca and B/Ca proxy
relationships.
Evidence from existing B/Ca records across the PETM points to potential changes to
B/Ca proxy sensitivity during the Paleogene. This is because measured B/Ca excursions
are too large to be explained by the low sensitivity of modern proxy calibrations (Penman
et al. 2014, with calibrations from Allen et al. 2012). Therefore, appropriate B/Ca calibra-
tions for application to the PETM, as well as an enhanced understanding of the potential




In this dissertation, I determine how variable seawater chemistry affects the sensitivity
of two foraminiferal trace element proxies: B/Ca and Mg/Ca shell ratios. Specifically, I
investigate how the Mg/Casw ratio influences the sensitivity of these two proxies to the
carbon system via changing pH and seawater DIC. The wide range of seawater condi-
tions that can be tested in the laboratory exceed the ranges found in the natural ocean,
and therefore allows us to more precisely and mechanistically determine proxy controls.
The primary goal of this thesis is to generate calibrations that allow us to better inter-
pret paleoceanographic records from past warm periods, such as the PETM, when the
Mg/Casw ratio was much lower than today. This work includes the results from two field
seasons completed during my Ph.D. where I conducted culture experiments with three
modern, symbiont-bearing foraminifer species- Orbulina universa, Trilobatus sacculifer,
and Globigerinoides ruber under simulated ”Paleocene” seawater chemistry. In addition to
carbonate chemistry experiments, I present the results of targeted seawater [Ca] and [B]
as well as light intensity experiments to further our understanding of these independent
controls on B/Ca and Mg/Ca. In Chapter 2, I detail the results from culture experiments
with O. universa, aiming to calibrate the B/Ca proxy to Paleocene seawater conditions for
application to the PETM B/Ca record. In Chapter 3, I outline the results in similar exper-
iments conducted with T. sacculifer and G. ruber, where I propose a new framework for
interpreting Paleocene B/Ca records and the reconstruction of seawater DIC, including
the calibrations from both O. universa and T. sacculifer. Chapter 4 is an application study
of these new calibrations, in which I reconstruct relative changes to seawater DIC across
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the PETM and make inferences on the size and source of the carbon perturbation that
caused the event. Finally, in Chapter 5, I investigate how low seawater Mg/Ca affects the
sensitivity of the Mg/Ca proxy to the carbonate system.
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Chapter 2
Calibration of the B/Ca proxy in the
planktic foraminifer Orbulina universa
to Paleocene seawater conditions
Note: This chapter was published in the journal Paleoceanography in 20171
Abstract
The B/Ca ratio of planktic foraminiferal calcite, a proxy for the surface ocean carbonate
system, displays large negative excursions during the Paleocene-Eocene Thermal Max-
imum (PETM, 55.9 Ma), consistent with rapid ocean acidification at that time. How-
ever, the B/Ca excursion measured at the PETM exceeds a magnitude that modern pH-
1Haynes, L. L., B. Hönisch, K. A. Dyez, K. Holland, Y. Rosenthal, C. R. Fish, A. V. Subhas, and J. W. B. Rae
(2017), Calibration of the B/Ca proxy in the planktic foraminifer Orbulina universa to Paleocene seawater
conditions. Paleoceanography, 32, 580–599. doi:10.1002/2016PA003069.
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calibrations can explain. Numerous other controls on the proxy have been suggested,
including foraminiferal growth rate and the total concentration of Dissolved Inorganic
Carbon (DIC). Here we present new calibrations for B/Ca vs. the combined effects of pH
and DIC in the symbiont-bearing planktic foraminiferOrbulina universa, grown in culture
solutions with simulated Paleocene seawater elemental composition (high [Ca], low [Mg],
and low [B]T). We also investigate the isolated effects of low seawater total boron con-
centration ([B]T), high [Ca], reduced symbiont photosynthetic activity, and average shell
growth rate on O. universa B/Ca in order to further understand the proxy systematics and
to determine other possible influences on the PETM records. We find that average shell
growth rate does not appear to determine B/Ca in high calcite saturation experiments. In
addition, our “Paleocene” calibration shows higher sensitivity than the modern calibra-
tion at low [B(OH)4-]/DIC. Given a large DIC pulse at the PETM, this amplification of the
B/Ca response can more fully explain the PETM B/Ca excursion. However, further cali-
brations with other foraminifer species are needed to determine the range of foraminifer
species-specific proxy sensitivities under these conditions for quantitative reconstruction
of large carbon cycle perturbations.
2.1 Introduction
In the surface ocean, the B/Ca ratio of planktic foraminiferal calcite is a promising yet
relatively poorly understood proxy for the seawater carbonate system (Yu, Elderfield, and
Hönisch 2007; Allen and Hönisch 2012; Babila, Rosenthal, and Conte 2014; Henehan et
al. 2015; Salmon et al. 2016; Quintana Krupinski et al. 2017). The B/Ca systematics are
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based on the pH dependent speciation of boric acid (B(OH)3) and borate ion (B(OH)4-) in
seawater (e.g. Hershey et al. 1986). Because increasing pH increases the aqueous con-
centration of the B(OH)4- ion, and because B(OH)4- is thought to be the primary species
incorporated into marine calcites, boron incorporation increases with higher seawater pH
(Hemming and Hanson 1992; Allen et al. 2012). The incorporation of boron in calcite was
proposed by Hemming and Hanson (1992) to proceed as follows:
CaCO3 +B(OH)
−
4 ↔CaHBO3 +HCO−3 +H2O (2.1)








Culture experiments with the symbiont-bearing foraminifer species Orbulina uni-
versa, Globeriginoides ruber, and Trilobatus sacculifer have shown that B/Ca ratios in-
crease with pH, and also decrease with total Dissolved Inorganic Carbon (DIC) in T. sac-
culifer and O. universa, with negligible temperature effects and only a minor influence of
salinity (Allen et al. 2011, Allen et al. 2012, Henehan et al. 2015, Howes et al. 2017). In O.
universa, B/Ca also increases linearly with the total boron concentration ([B]T) of seawa-
ter within the range of 1-10x modern concentrations (Allen et al. 2011). A recent study by
Howes et al. (2017) argues that the [B(OH)4-/CO32-] ratio, the [B(OH)4-/HCO3-] ratio, or
[HCO3-] are all possible controlling parameters on B/Ca in O. universa. However, Allen
et al. (2012) showed from culture experiments in T. sacculifer that while B/Ca increases
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with [B(OH)4-/CO32-] in variable DIC experiments, it decreases with [B(OH)4-/CO32-] in
pH experiments (see their Figure 2.5). This suggests that [B(OH)4-/CO32-] cannot be the
controlling parameter on B/Ca. Furthermore, [HCO3-] too cannot singularly control B/Ca
because when [HCO3- ] is held constant and B(OH)4- is varied (via [B]T manipulation),
B/Ca increases (Allen et al. 2011). Allen et al. (2012) suggest that because B/Ca increases
with [B(OH)4-/HCO3-] in both pH, DIC, and [B]T experiments, B(OH)4- and HCO3- (or
CO32-) ions likely compete during incorporation, suggesting that the [B(OH)4-]/DIC ra-
tio of seawater is a more correct controlling parameter. However, in practical terms the
effect of using [B(OH)4-/HCO3-] over [B(OH)4-]/DIC is minimal, as DIC is primarily com-
posed of HCO3- at typical seawater pH values (Allen et al. 2012). These results support
the original incorporation hypothesis detailed above (Hemming and Hanson 1992), and
suggest that B/Ca should respond to large shifts in surface ocean DIC and/or pH.
However, significant uncertainties about the controls on boron incorporation into ma-
rine carbonates, and thus B/Ca, remain (Allen and Hönisch 2012, Uchikawa et al. 2015).
These uncertainties are manifest by discrepancies in the controls on B/Ca in culture (Allen
et al. 2011, 2012, Henehan et al. 2015), core-tops (Foster 2008, Yu et al. 2007, Henehan
et al. 2015, Quintana Krupinski et al. 2017), sediment traps (Salmon et al. 2016, Babila
et al., 2014), and inorganic precipitates (Uchikawa et al. 2015, Gabitov et al. 2014, Ruiz-
Agudo et al. 2012, Mavromatis et al. 2015 ). For example, in sediment trap samples, large
seasonal changes in B/Ca of up to 20 µmol/mol have been observed in G. ruber with-
out any concurrent significant carbonate chemistry shifts (Babila et al. 2014). Seasonal
light variability has been proposed as the driver for these changes, suggesting a large in-
fluence of photosynthesis-driven changes to pH in the foraminiferal microenvironment.
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Another recent sediment trap study showed that B/Ca is strongly correlated with test
thickness in O. universa, G. ruber (pink), and Globorotalia truncatulinoides, linking B/Ca
in planktic foraminifers to growth rate (Salmon et al. 2016). Similarly, Quintana Krupin-
ski et al. (2017) found that in G. bulloides and N. incompta, two symbiont-barren species,
the strong covariance of B/Ca with calcite saturation (Ωcalcite) indirectly implies a growth
rate control. Similar conclusions have been obtained from inorganic CaCO3-precipitation
experiments, but the growth rate effect on B/Ca varies in magnitude and sign between
studies (e.g., Uchikawa et al. 2015, Gabitov et al. 2014, Ruiz-Agudo et al. 2012). Recently,
it has also been suggested that [PO43-] may exert a crystallographic control on planktic
foraminiferal B/Ca (Henehan et al. 2015). These discrepant observations call for detailed
investigations of these effects in laboratory culture experiments, where individual param-
eters can be studied in isolation and across much larger ranges than present in natural
seawater.
While a number of confounding factors may obscure B/Ca signals on glacial-
interglacial timescales (Howes et al. 2017, Allen et al. 2012), the Paleocene-Eocene Ther-
mal Maximum (PETM) is a climate event that shows great promise for the application of
B/Ca. This is because large, consistent B/Ca excursions are observed across this event at
multiple geographically disparate sites, suggesting that B/Ca responded to global ocean
acidification due to rapid carbon input (Penman et al. 2014, Babila et al. 2016). Occurring
globally at 55.93 million years ago (Ma) (Westerhold et al. 2009), the PETM is often touted
as the closest analog to anthropogenic carbon release and warming (Zeebe, Zachos, and
Dickens 2009, as it is characterized by widespread dissolution of seafloor carbonates, a
large negative carbon isotope excursion, pronouncedwarming, and planktic foraminiferal
27
B/Ca and δ11B excursions (Zachos et al. 2005, Penman et al. 2014, Babila et al. 2016). These
geochemical records suggest extreme ocean acidification, with an intensity that is larger
than estimated from models (Penman et al. 2014, Babila et al. 2016). Furthermore, the
25-40 µmol/mol B/Ca decrease observed across the interval, measured in the now-extinct
species Morozovella velascoensis, is larger than can be predicted from a simple pH control
on the proxy using modern seawater calibrations. Specifically, when modern culture cal-
ibrations for O. universa and T. sacculifer (Allen et al. 2012) are used to interpret the B/Ca
data of Penman et al. (2014) in terms of peak-PETM [B(OH)4-]/DIC, the size of the B/Ca
excursion translates to negative [B(OH)4-]/DIC ratios for the PETM (Figure 2.1a). Only
the calibration slopes of G. ruber (Allen et al. 2012, Henehan et al. 2015) give a positive
ratio, but the strong non-linearity of this calibration at the low pH end in G. ruber (pink)
(Figure S1), as well as the much higher values in this species compared toM. velascoensis,
lends low confidence to this interpretation.
The inability for modern calibrations to explain the PETM excursion is further high-
lighted in Figure 2.1b. If the δ11B-derived pH excursion of -0.3 units (Penman et al. 2014)
is paired with modern B/Ca culture calibrations to predict the B/Ca excursion, the re-
sult merely encompasses a small portion of the observed B/Ca decrease. This inability to
produce coherent peak-PETM [B(OH)4-]/DIC estimates indicates that either A) modern
calibrations for pH are not appropriate and we thus cannot extrapolate them to inter-
pret the PETM data, and/or B) there are additional controls on B/Ca, such as total DIC or
symbiont photosynthesis, that changed drastically over the PETM. A significant DIC in-
crease at the PETM has been suggested from the coupled ocean-sediment model LOSCAR,
which Komar and Zeebe (2011) parameterized with the combined effects of carbon injec-
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tion, seafloor CaCO3 dissolution, and terrestrial weathering influxes to estimate a total
DIC increase of 350 µmol kg-1. Given that foraminiferal B/Ca decreases with increasing
DIC (Allen et al. 2012, Howes et al. 2017, Holland et al. 2017), we hypothesize that the
DIC pulse at the PETM could have contributed significantly to the B/Ca excursion.
Figure 2.1: Modern B/Ca proxy calibrations are not applicable to the PETM B/Ca ex-
cursion. In panel A, calibrations for B/Ca versus pH in G. ruber(white, Henehan et al.
2015, pink, Allen et al. 2012), T. sacculifer(Allen et al. 2012), and O. universa (Allen et
al. 2011) are shown (solid colored lines and symbols). The horizontal dashed black lines
indicate average pre-PETM and peak-PETM B/Ca ratios from the M. velascoensis study
of Penman et al. (2014, B, black diamonds). When the calibrations of T. sacculiferand O.
universa are shifted through the pre-PETM B/Ca average (dotted lines), negative seawa-
ter [B(OH)4-]/DIC ratios are predicted at the peak-PETM (orange squares). Panel B shows
the predicted B/Ca shift resulting from the 0.3 unit pH decline estimated from boron iso-
tope measurements across the PETM (Penman et al. 2014). The colored lines show the
proportion of the B/Ca excursion that each calibration can explain.
Modern calibrations may not be applicable to the PETM for a couple of reasons.
Firstly, calibration experiments have not yet been conducted below a [B(OH)4-]/DIC of
about 0.015-0.017 (Allen et al. 2012). Given that the Paleocene ocean likely had a low
surface ocean pH (Penman et al. 2014, Anagnostou et al. 2016) and lower [B]T than the
modern ocean (Lemarchand et al. 2000), peak-PETM conditions were likely character-
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ized by very low [B(OH)4-]/DIC. Secondly, it has been suggested that the major and trace
element chemistry of the ocean were significantly different during the Paleocene com-
pared to today (Lemarchand et al. 2000, Lowenstein et al. 2014). Specifically, it has been
proposed that the total boron concentration ([B]T) of seawater was about 10% lower in
comparison to today (Lemarchand et al. 2000), and that the [Ca] of seawater was twice
as high (Lowenstein, Kendall, and Anbar 2013). Because B/Ca in O. universa increases
with the [B]T of seawater (Allen et al. 2011), one would expect lower B/Ca at lower than
modern [B]T, but experimental evidence for this hypothesis was hitherto missing as ex-
periments at low [B]T had yet to be conducted. In addition, the relationship between
foraminiferal B/Ca and pH needs to be empirically calibrated at lower [B]T, as well as at
estimated “Paleocene” seawater Mg/Ca (Mg/Casw=1.5 mol/mol, Lowenstein et al. 2014).
It is conceivable that low seawater Mg/Ca could have an impact on the sensitivity of B/Ca
to pH and DIC if the mechanism for delivery of ions to the site of calcification proceeds
differently under low Mg/Ca. For example, reduced [Mg2+] may have an effect on the re-
quirements for ion concentration to promote calcification. Mg2+ is an inhibitor to calcite
formation (Mucci and Morse 1984), and it has been hypothesized that significant H+ re-
moval, or pH up-regulation, is the more energy-efficient method to overcome this barrier
to precipitation (Zeebe and Sanyal, 2002). If regulation of the internal calcifying environ-
ment through H+ removal is less necessary under lowMg/Casw, then this could also affect
the relationship of foraminiferal B/Ca to seawater-pH.
Additional concerns arise from the fact that the PETM species M. velascoensis is now
extinct (Kelly, Bralower, and Zachos 2001) and thus cannot be calibrated empirically.
However, the δ13C signature of this species increases with test size, suggesting that M.
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velascoensis was symbiont-bearing and thus confined to the surface ocean (D’Hondt et al.
1994), where it should have recorded surface ocean acidification similar tomodern species.
Edgar et al. (2013) found that foraminifers likely lost their symbionts and “bleached”
across the Middle Eocene Climatic Optimum (MECO), as recorded in the reduction of the
δ13C/size pattern at this time. Whereas a similar reduction has not yet been observed at
the PETM (Babila et al. 2016), it is critical to assess the degree to which modifications in
symbiont activity could affect B/Ca.
While M. velascoensis is now extinct, we can approximate the Paleocene B/Ca sys-
tematics with culture studies of modern planktic foraminifera. Here we report a series of
experiments with O. universa, a symbiont-bearing planktic foraminifer, which we grew
under simulated Paleocene seawater conditions (Table 1). We specifically calibrated B/Ca
to changing pH and DIC at constant high [Ca], low [Mg], and low [B]T. We also investi-
gated the isolated effects of both low [B]T and high [Ca] in otherwise ambient seawater
chemistry to further understand how these isolated changes in seawater chemistry affect
B/Ca. In addition, we examine how B/Ca is affected by the decreased symbiont activity
that occurs under low light conditions (Rink et al. 1998), we estimate average shell growth
rates in our cultured foraminifers from final shell size and weight data in each experiment.
Finally, we apply our new “Paleocene” calibrations to B/Ca data from ODP Site 1209 on
Shatsky Rise (Penman et al. 2014) to estimate the ability of our “Paleocene” calibrations




Culturing experimentswere carried out at theWrigley Institute for Environmental Studies
on Santa Catalina Island in the summer of 2013 and at the Isla Magueyes Marine Science
Laboratory in La Parguera, Puerto Rico (PR) in the spring of 2010 and 2015. Juvenile O.
universa were hand-collected by SCUBA divers 2km NNE of Santa Catalina Island and
15 km offshore of Isla Magueyes at a water depth of 2-8 m. Specimens were identified
and measured using light microscopes and were then transferred into 120 ml soda-lime
glass jars filled with experimental seawaters. Jars were sealed with Parafilm® and tight-
fitting lids to limit CO2 exchange with the atmosphere. Foraminifers were hand-fed a one
day-old Artemia nauplius every 2 days.
In [B]T and “Paleocene” carbonate chemistry experiments, experimental seawaters
were composed of 50% natural and 50% artificial seawater (filtered using 0.8 µm nitrate
cellulose filters). Culture water concentrations of [Ca], [Mg], and [B]T were manipu-
lated to reach estimated Paleocene values (20 mmol/kg, 30 mmol/kg, and 365 µmol kg-1,
respectively, at a salinity of 33.1-33.3; Table 1; Lowenstein et al. 2014, Lemarchand et
al. 2000). In boron concentration experiments, [B]T was manipulated to reach 0.5, 1.5,
and 2x modern values (where modern [B]T=432.6 µmol kg-1 at S=35, Lee et al. 2010) via
the addition of boric acid. DIC was varied independently from pH by the addition of
NaHCO3 to reach target values ranging from 1000-4000 µmol kg-1. pH was then altered
by the titration of seawater batches with NaOH or HCl to respectively raise or lower pH
to target values on the total scale (pHTot). In addition, no nutrients were added to artifi-
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cial seawater experiments, so that [PO43-] and [NO3-] were reduced compared to ambient
conditions. All experiments from Catalina were conducted at a controlled temperature of
21.6 or 21.9ºC ± 0.1ºC (1σ, Table S2). In all experiments, a 12-12 hr light-dark diurnal cycle
was maintained using Osram Lumilux T5 skywhite high output bulbs. Photosynthetic ac-
tive radiation (PAR) intensities were measured using a light meter every 7-10 days. Low
light experiments were conducted in natural filtered seawater on both Catalina Island and
in Puerto Rico (2015), where light levels were kept at a constant 19 µmol photons m-2 s-1
(compared to high light conditions, 319 ± 28 µmol photons m-2 s-1 in PR, 291 ± 36 µmol
photons m-2 s-1 on Catalina). In [Ca] experiments from 2015, which were also conducted
in Puerto Rico, CaCl2•6H2O was added to ambient seawater to reach target concentra-
tions of 15 and 20 mmol/kg seawater (in comparison to 10 mmol/kg seawater at ambient
conditions). In this [Ca] experiment matrix, temperature was kept constant at 25.9ºC ±
0.1 ºC and salinity ranged from 36.5-37.5 (Table 1). This large range is due to the addition
of CaCl2 salt to increase [Ca].
Alkalinity and pH of experimental seawaters were measured at 25℃ on a Metrohm
titrator at the beginning and end of each experiment to investigate CO2 invasion or
outgassing during feeding. Foraminifers that underwent gametogenesis were removed
from culture waters, measured, and stored for analysis. In the low light experiment one
foraminifer was erroneously added that was terminated before gametogenesis (hereafter
abbreviated as “terminated”). However, we estimate that the weight added from this in-
dividual likely comprised <5% of the total sample weight (see supplemental materials),
equivalent to the amount assumed to be contributed by juvenile calcite (Spero and Parker
1985), and we do not expect this to significantly bias our results. However, in order
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to investigate the potential effects of terminated foraminifer calcite on trace elements,
we made replicates from one experiment (BH7) of both gametogenic and terminated
foraminifers (see Supplemental Data, Table S4, Figure S2). The number of foraminifers
included in each sample ranged from 2-22 (Table S2). Where shell material was readily
abundant, replicates were made based on size fraction (Table S2).
Carbonate system parameters were calculated using a CO2SYS.m Matlab script mod-
ified after Van Heuven (2011) by K. Allen (2009) and K. Holland (2015) to allow for the
influence of altered seawater chemistry on the carbonate system, including [B]T, [Ca],
and [Mg]. The influence of [Ca] and [Mg] on K1, K2 and KSO4 equilibrium constants
was calculated using the Python script PyMyAMI from Hain et al. (2015), incorporated
into the Matlab script. Calculations also include conversion of pH from the NBS scale
(measured) to the total scale at the appropriate experimental and analysis temperatures.
Carbonate system data from Allen et al. (2011) were also recalculated using the above
constants and seawater [B]T of Lee et al. (2010) for accurate comparison (Table S2). The
uncertainty in carbonate system parameters resulting from the measured uncertainties
associated with T, S, pH, and alkalinity were estimated using a Monte Carlo simulation
of these variables and their normally distributed uncertainties in the CO2SYS.m program
(N=10,000 iterations). 2σ values on calculated parameters are reported in Table 1.
Analytical Methods
Samples were cleaned and prepared for analysis according to the same methods as Allen
et al. (2012). Briefly, samples were weighed, cracked and transferred to acid cleaned vials.
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If enough CaCO3 material was present after cracking, samples were homogenized and
subsequently split manually with a brush to create replicates of roughly equal weight (in
addition to the size fraction replicates described above, see Table S2). In a boron-free lam-
inar flow bench splits were rinsed 3x with ultrapure B-filtered Milli-Q water, followed by
oxidation in a buffered hydrogen peroxide solution (equal parts 0.1N NaOH + 30% H2O2)
at 70-80° C for two 30-minute periods. Samples were then rinsed again 3x with Milli-
Q water, transferred to clean vials with a severed pipette tip, and leached with 0.001N
HNO3 to remove adsorbed ions. Finally, samples were rinsed 3x with Milli-Q and left
to dry. After cleaning, material was transferred to create more even sample weights be-
tween replicates for two of our DIC experiments (LH2 and LH5, Table1). B/Ca and Mg/Ca
were measured at Rutgers University using a Thermo Finnigan Element XR Sector Field
Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS) operated in low resolution
(m/Δm =300) following a modified protocol of Rosenthal et al. (1999) in which anhy-
drous ammonia gas was injected into a quartz cyclonic spray-chamber to elevate the pH
of the injected sample to >9.14. This modification reduces the boron memory effect and
improves washout efficiency (Al-Ammar et al. 2000). Prior to analysis, samples were
dissolved using 0.065 N HNO3 and diluted with 0.5 N HNO3 to achieve final Ca concen-
trations of 2-6 mM to minimize matrix effects. Additionally, a [Ca] solution of 1.5-8 mM
was run to quantify and correct for matrix effects; all corrections were <1%. Long-term 2
RSD precision on B/Ca and Mg/Ca measurements is 6.6% and 0.8%, respectively.
Experimental seawaters were sampled immediately before and after culturing, filtered
into an acid cleaned 15 ml PTFE vial with a 0.2 µm syringe filter, acidified with 150 µl
Optima grade HNO3, covered with Parafilm, and stored until analysis at the Australian
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Natural University in the spring of 2014 (Catalina) and summer of 2015 (Puerto Rico). All
seawater elemental compositions were determined via simultaneous ICP-Atomic Emis-
sion Spectrometry (Varian Vista Pro Axial). Prior to analysis, samples were diluted 10x
with 2% HNO3 and then run using a standard-sample bracketing routine with a synthetic
seawater standard of known elemental concentrations. Initial and final seawater [B]T,
[Mg], and [Ca] values were averaged to determine experimental values (Table 1). To com-
pare our B/Ca analyses with those conducted at Cambridge University (Allen et al. 2011),
the latter values were corrected for inter-laboratory biases using the following equation
from Allen et al. (2012):
B/CaRutgers = 1.085 ∗B/CaCambridge − 1.09 (2.3)
Estimation of Average Shell Growth Rates
While we did not directly measure instantaneous shell growth rates in this study, we es-
timate average shell growth rate in each experiment based on final shell weight, size and
duration of sphere thickening data for foraminifers where each data parameter is avail-
able (Table S2). Individual shell weights were measured in µg, and the timing of the onset
of spherical chamber formation in our cultured O. universa was noted and used as the
growth period time constraint to find relative rates in µg day-1 (as in Allen et al. 2016).
Because the contribution of juvenile calcite to the total shell weight is presumed to be
minimal (Spero and Parker 1985), we assume major growth only during sphere formation
and thickening. To convert growth rates to area-normalized rates (in log10 mol calcite m-2
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sec -1) for comparison of average values to inorganic calcite growth rates (Uchikawa et al.
2015), we converted estimates in µg day-1 to mol s-1 after Allen et al. (2016). The surface
area of each sphere was estimated using gas adsorption surface area measurements (i.e.
the Brunauer-Emmett-Teller (BET) method, Brunauer et al. 1938) of pooled O. universa
shells made in 425-515, 515-600, and 600-865 μm size classes (Table S1, see supporting in-
formation for calculation details). Allen et al. (2016) used surface areameasurements from
bulk marine sediment samples (Gehlen et al. 2005) to estimate cultured foraminifera shell
surface area; however, the mono-specific measurements of fossil O. universa shells that
we use here are likely more accurate. These estimates were then used to normalize growth
rates to surface area, yielding estimates in mol m-2 s-1. For samples where replicates were
made based on size class instead of being split from a homogeneous pool of shells, growth
rate estimates were made for each replicate based on the data from individuals added to
each sample.
2.3 Results
Estimated Foraminiferal Growth Rates
Average foraminifer shell weights were lowest in the low DIC experiment (28 ± 11 µg)
and were highest (>100 µg) in four specimens that spent an exceptionally long time in
culture (>24 days, shells from LH3a and LH9a, Table S2, not shown in Figure 2.2). Exclud-
ing these unusual long-living specimens, the upper range for average shell weight is 67
µg, observed in the high DIC and high [Ca] experiments (Figure 2.2). Growth rates in µg
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day-1 are also low in the low DIC experiment, as well as the low light experiment from
Catalina (4.8 ± 1.4 and 4.7 ± 1.1 µg day-1, respectively). From DIC=1000-4000 µmol/kg,
growth rate increases 1.6 fold, consistent with the doubling observed by Holland et al.
(2017) across a similar DIC range. The highest growth rates are observed in foraminifers
from the PR culture season (8.1-11.5 µg day-1), as well as at high pH (9.0 ± 1.5 µg day-1).
These rates are similar to those found by Allen et al. (2016) in O. universa (6.0 µg day-1 on
average). However, growth rate only reached 7.5 µg day-1 in that study at high pH, where
[CO32-]= 300 µmol kg-1, compared to values of up to 9.0 µg day-1 in our high pH exper-
iments where [CO32-] was lower (240 µmol kg-1). This could indicate that the enhanced
[Ca] in our experiments promoted more rapid growth or enhanced gametogenic calcite
formation at similar [CO32-]. When BET surface area estimates are used to calculate net
area-normalized growth rate, growth rate estimates have an average value of -8.49 +/-
0.12, reported in units of log10 Rate mol m-2 s-1, across all experiments.
Effects of using foraminifers that did not undergo gametogenesis
In order to investigate any potential biases of using foraminifers that were terminated
prior to gametogenesis on trace element/Ca ratios, we compared results from gametogenic
and terminated foraminifers in an experiment from Puerto Rico. We found a significant
increase in both B/Ca (from 70 to 90 µmol/mol) and Mg/Ca (from 8 to 11 mmol/mol)
in terminated foraminifers compared to gametogenic specimens (Figure S2, Table S4).
Whereas we do not estimate that this significantly biased our low light samples, as we

































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.2: Shell weight (μg) and estimates of foraminiferal growth rate (μg day-1). The
mean experimental values are show in black, while individual shell estimates of weight
and growth rate are shown in purple and blue, respectively. If replicates were made based
on size fraction, the average from each replicate is shown.
using a significant fraction of foraminifers that do not undergo gametogenesis can bias
bulk trace element analyses (supplemental section S2).
Isolated Variables- [B]T, low light, and [Ca]
We investigated the effects of low [B]T on B/Ca in O. universa shells at the paleoceano-
graphically relevant values of 0.5, 1.5, and 2x modern concentrations. B/Ca responds lin-
early to changing [B]T in agreement with experiments at 5x and 10x modern [B]T (Allen
et al. 2011, Figure 2.3a). B/Ca in O. universa thus responds to the [B(OH)4-] of seawa-
ter across the range of 0.5-10x modern concentrations by the following linear equation,
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taking into account uncertainty in measured B/Ca and [B(OH)4-]:
B/Ca (µmol/mol)= 1.38 ± 0.09 x [B(OH)4-] (µmol kg -1) – 23 ± 6 (R2=0.999) (2.4)
Because the highest [B]T experiments have the largest relative B/Ca uncertainty, the
regression is weighted towards the lower [B]T experiments, and thus shows a better fit
at low [B(OH)4-] (Figure 2.3a). 95% confidence intervals on this regression show that the
regression intercept is within uncertainty of the origin. Our data agree within uncertainty
with the data of Howes et al. (2017), where [B]T=10x and B/Ca was measured via laser
ablation (Figure 2.3a).
Figure 2.3: Effects of [B]T, [Ca], and light intensity on B/Ca in O. universa. In (a), [B]T
experiments from this study (filled green circles) those of Allen et al. (2011, open green
circles) and the DIC=2236 μmol kg-1 experiment of Howes et al. (2017, black circle) are
shown versus [B(OH)4-]. The linear regression does not include the Howes et al. (2017)
data given that DIC was higher in this experiment and the uncertainty bounds are large
(their 2 S.E. is plotted here). (b) B/Ca in O. universa does not respond to elevated [Ca].
Raw data are shown in open circles; B/Ca normalized to S=35 is shown in filled circles.
The effect of light intensity on B/Ca from experiments on both Santa Catalina Island (red
circles) and Puerto Rico (orange circles) is shown in (c). Note that the B/Ca scale (y-axis)
changes between panels. 2σ errors on culture data are shown.
In response to seawater [Ca], B/Ca does not show a significant change over our studied
range of 10-20 mmol/kg (Figure 2.3b). Because the salinity of high [Ca] experiments was
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elevated due to the addition of CaCl2 salt, we normalize B/Ca in these experiments to
S=35 using the B/Ca-salinity relationship of Allen et al. (2012), which does not change the
observed trend in B/Ca (Figure 2.3b, Table S2). Low light experiments on Santa Catalina
Island at 19 µmol photons m-2 s-1 yielded B/Ca ratios of 66 ± 4 µmol/mol, which is not
significantly different from high light experiments (65 ± 4 µmol/mol, Allen et al. 2011,
where light intensity was set at 406 ± 108 µmol photons m-2 s-1; Figure 2.3c). However,
B/Ca was significantly lower in low light experiments from Puerto Rico (58 ± 4 µmol/mol)
compared to an “ambient” experiment (70 ± 5 µmol/mol) from the same culture season.
Salinity was not significantly different between low light and high light experiments, so
no salinity corrections have been applied to the data.
Paleocene Carbonate Chemistry Experiments
In general,O. universa specimens grown under “Paleocene” seawater conditions have sim-
ilar B/Ca ratios as those grown in “modern” seawater (Figure 2.4). The trends observed in
our “Paleocene” carbonate chemistry experiments are also consistent with those carried
out previously in modern seawater (Allen et al. 2011, 2012, Henehan et al. 2015) in which
B/Ca increases with pH and decreases with total DIC. When DIC is increased across a
range of 1000-4000 µmol kg-1 (holding [B(OH)4-] constant), B/Ca ratios decrease from 88
± 6 to 42 ± 3 µmol/mol (Figure 2.4a). In order to assess the effects of changing pH and
DIC in concert, we varied pH(Tot) over the range of 7.5-8.3 and 7.5-7.9 at set DIC values of
2000 (considered ambient) and 3000 µmol kg-1, respectively. B/Ca increases with pH from
48 ± 3 to 73 ± 5 µmol/mol at a DIC of 2000 µmol kg-1 and from 44 ± 3 to 55 ± 4 µmol/mol
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at a DIC of 3000 µmol kg-1 (Figure 2.4c).
Figure 2.4: Response of B/Ca to variable DIC at constant pH (a, b) and to variable pH at
two constant DIC concentrations (c, d) under simulated Paleocene seawater chemistry.
Data from simulated Paleocene experiments (colored symbols) are shown in comparison
to experiments conducted under modern seawater conditions (black symbols, Allen et
al. 2011, 2012). Both pH and DIC force B/Ca along the same calibration slope at low
[B(OH)4-]/DIC (green line, d), which can be used to estimate the relative influence of pH
and DIC on B/Ca during the PETM. In D, two replicates from the 4000 μmol kg-1 DIC at
pHTot=7.8 experiment (blue) are included in the pH/DIC calibration. The lower replicate
is not included (light blue filled circle, see text for explanation). Error bars are 2σ.
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2.4 Discussion
Effects of variable [B]T
In our [B]T experiments (0.5, 1.5, and 2x modern [B]T), B/Ca decreases linearly towards
zero at low [B(OH)4-] and follows the same linear relationship of the high [B]T experi-
ments of Allen et al. (2012, Figure 2.3a). This suggests that Paleocene foraminifers living
in seawater with lower [B]T than in the modern ocean would record overall lower B/Ca
ratios. Paleocene M. velascoensis recorded B/Ca ratios clustering around 60-70 µmol/mol
before the PETM carbon system perturbation, reaching values as low as 30 µmol/mol dur-
ing peak acidification (Babila et al. 2016, Penman et al. 2014). Babila et al. (2016) note
that this is much lower than analogous modern surface dwelling species such as T. sac-
culifer and G. ruber„ which typically record B/Ca 90-140 µmol/mol. The lower [B]T of the
surface ocean during the Paleocene (Lemarchand et al. 2000) as well as low surface ocean
pH and thus B(OH)4- (Penman et al. 2014, Anagnostou et al. 2016), are thus in qualitative
agreement with the lower overall B/Ca ratios of Paleocene foraminifera.
Effects of PO43-
Henehan et al. (2015) recently suggested that in sediment coretop and plankton tow sam-
ples, seawater [PO43-] may be more closely related to B/Ca than carbonate system param-
eters. The authors hypothesized that increased [PO43-] may cause B/Ca to increase by
either promoting amorphous calcium carbonate precipitation, via paired substitution of
PO43- and B(OH)4- ions to maintain charge balance in the crystal, or due to a growth rate
effect driven by increased food availability in high-nutrient areas. Howes et al. (2017)
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further suggest that the apparent correlation is driven by increased symbiont photosyn-
thesis under high [PO43-], which raises the pH of the foraminiferal microenvironment and
thus B/Ca. While we did not perform specific [PO43-] experiments, the nutrient values in
our artificial seawater solutions were at 0.5x ambient concentrations as no nutrients were
added to our 50% natural, 50% synthetic seawater mixture. The possible effect of low
[PO43-] can most easily be considered in [B]T experiments, where a [PO43-] effect should
cause lower B/Ca compared to the 1.0 and 5.0x [B]T experiment data of Allen et al. (2011).
We do not observe a marked negative offset in B/Ca in these experiments over what is
expected from the linear relationship established by Allen et al. (2011) where [PO43-] was
at full seawater values (Figure 2.3a); instead, all [B]T experiments fall directly in line with
each other. This indirect result suggests that [PO43-] is unlikely a major control on B/Ca in
our experiments. However, culture experiments deliberately investigating the effects of
a wide range of nutrient concentrations on foraminiferal growth, symbiont photosynthe-
sis, and trace element ratios may yield further insight into the controls on B/Ca in natural
settings.
Evaluating Saturation and Average Shell Growth Rate Effects on
Foraminiferal B/Ca
Recent inorganic precipitation experiments have found that B/Ca increases with synthetic
calcite growth rate (Mavromatis et al. 2015, Uchikawa et al. 2015, Gabitov et al. 2014).
In the study of Uchikawa et al. (2015), this conclusion is based on the observation that
high [Ca] and high DIC conditions lead to elevated B/Ca uptake into synthetic calcite in
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the absence of a [B(OH)4-] increase (Figure 2.5, black diamonds). If the same systematics
apply to planktic foraminifera, and given that a major reduction in surface ocean CaCO3
saturation likely occurred across the PETM (Penman et al. 2014) and seawater [Ca] was
much higher in the past (Lowenstein et al. 2014), the surface ocean acidification signal
recorded by planktic foraminiferal B/Ca at the PETM could be compromised by these
competing effects.
Figure 2.5: Relationships of B/Ca (top panels) and growth rate (bottom panels) with exper-
imental parameters in our experiments and in inorganic calcites (Uchikawa et al. 2015).
Growth rate in foraminifers is shown in μg/day (right axis, blue) and are compared against
area-normalized rates of Uchikawa et al. 2015 (black diamonds). Note that inorganic cal-
cite rates are expressed on a log scale, and comparison of these values to foraminifer
growth rate in μg day-1 is only for demonstration of relative trends. Error bars on O.
universa growth rates are 1σ.
To investigate trends in foraminiferal growth rate across our experimental parameters,
we used shell weight and duration of life data from our experiments to estimate average
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shell growth rates. These do not reflect instantaneous calcification rates, but give an in-
dication of average relative foraminiferal growth in our experiments. We firstly consider
shell weights independently as an indicator for growth rate, without making assumptions
about the duration of calcification. Shell weight shows a significant increase with seawa-
ter DIC (p=0.009); in experiments ranging from DIC= 1000 to 4000 µmol kg-1, average
shell weight more than doubles (28 ± 11 to 66 ± 23 µg 1σ, Figure 2.2, Table S2). When
growth rates are calculated using the duration of sphere thickening as the time constraint
in µg day-1, foraminifers grown in low DIC still have lower growth rates, but the rest of
the DIC experiments (2000-4000 µmol kg-1) have similar values and the relationship is
no longer statistically significant (Figure 2.2, Figure 2.5). Nevertheless, both parameters
indicate that at low DIC, foraminiferal growth rate may be hampered.
If growth rate were the controlling factor on planktic foraminiferal B/Ca, B/Ca should
thus decrease at low DIC, as was observed in inorganic calcites (Uchikawa et al. 2015).
However, this is not the case: B/Ca decreases in planktic foraminifera when DIC increases
(Figure 2.5a, Allen et al., 2012, Howes et al. 2017). Instead, this observation in foraminifera
is consistent with competition between B(OH)4- and DIC ions during calcification (and
thus a [B(OH)4-]/DIC or [B(OH)4-/HCO3-] control on the proxy), rather than a strong
modulation by growth rate (see also, Allen et al. 2016). In addition, the slopes of the B/Ca
response to DIC between both O. universa (this study) and T. sacculifer (Allen et al. 2012)
are nearly indistinguishable (Figure 2.4b). This may further suggest that the response to
DIC is more inorganically driven by the competition of B(OH)4- and DIC ions, as average
shell growth rate has been found to be greater in cultured O. universa compared to T.
sacculifer (Allen et al. 2016), and would likely impose a species-dependent effect if it were
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a major determinant of B/Ca.
While shell weights and growth rates in µg/day are somewhat variable in response
to our other experimental parameters ([B]T, [Ca], and pH), they do not show statistical
correlation with these parameters at a 90% confidence level (Table S5). Though the large
error bars on our growth rate estimates may mask some important variability, the trends
between foraminiferal B/Ca itself and these parameters further suggest that growth rate
does not control B/Ca inO. universa (Figure 2.5). For example, Uchikawa found that across
a narrow range of [Ca] (4-8 mmol/kg), B/Ca nearly doubled (Figure 2.5b). In contrast, we
observe no significant trend in O. universa B/Ca when [Ca] was increased from 10-20
mmol/kg (Figure 2.3b, Figure 2.5, p=0.95). The lack of a trend in B/Ca with [Ca] confirms
a fewmechanistic underpinnings of the proxy. Firstly, B does not substitute for Ca2+ in the
calcite lattice, as B/Ca should otherwise decrease with increasing [Ca]. In addition, Ca-
B(OH)4- complexes are likely not involved in calcification, which would predict a positive
correlation. Finally, the saturation-induced effect on B/Ca observed in inorganic calcites
is not borne out in O. universa.
A lack of growth rate effect on B/Ca in O. universa compared to inorganic calcites may
also explain the variable response of B/Ca to [B]T in the two forms of calcite. Uchikawa et
al. (2015) found that in [B]T experiments, high [B]T may itself inhibit growth rate, which
would consequently decrease boron incorporation at high [B]T, explaining the asymp-
totic increase of B/Ca with [B]T in calcites (Figure 2.5c, f). In O. universa, however, B/Ca
continues to increase linearly between 0.5 and 10x [B]T (Allen et al. 2011 and this study).
This offers further evidence that crystal habit and growth rate appear to be under tighter
biological control in foraminifera (Allen et al. 2016), as B incorporation does not appear
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to be retarded by a decline in growth rate.
Figure 2.6: Comparison of estimated foraminiferal and measured inorganic growth rates
with the KD-BT formulation suggested by Uchikawa et al. (2015), where B/Ca depends
on the [B]T/DIC ratio of seawater. B/Ca was not measured by Kısakürek et al. (2011)
and growth rates are plotted at zero KD-BT (purple star and turquoise diamond). Average
foraminiferal shell growth rates are lower compared to the range where inorganic calcite
KD-BT and B/Ca are affected by growth rate (grey shaded region).
Allen et al. (2016) suggest that area-normalized foraminiferal growth rates appear
to fall below the range where B/Ca in inorganic calcites is strongly affected by rate
(Uchikawa et al. 2015). We also plot our area-normalized growth rate estimates (Table S2)
versus Uchikawa et al. (2015)’s proposed controlling parameter, KD = [B/Ca]/[[B]T/DIC].
In agreement with previous studies (Kısakürek et al. 2011, Holland et al. 2017, and Allen
et al. 2016), our estimates of area-normalized growth rate using BET surface area mea-
surements of O. universa are below the threshold for strong dependence of B/Ca on rate,
and in our case by two orders of magnitude (Figure 2.6). Thus, while growth rate may
be somewhat variable in planktic foraminifers (Figure 2.2, Figure 2.5 and Lea et al. 1995),
these variations are unlikely within the window of growth rates where B/Ca is signifi-
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cantly affected in inorganic precipitates. In the context of Paleocene reconstructions, we
suggest that B/Ca records generated over periods of extreme changes in saturation, such
as the PETM, can be interpreted in a framework assuming that the [B(OH)4-]/DIC (or
[B(OH)4-/HCO3-]) ratio is the main control on the proxy without significant contribution
from saturation-induced growth rate changes or seawater [Ca].
However, our estimates of relatively slow growth rates do not preclude the notion that
instantaneous growth rates during calcification could be momentarily faster, for which
daily or hourly estimates would be needed to confirm our findings. Multiple authors sug-
gest that foraminiferal calcification rates vary throughout the organism’s life cycle and
from day to night (Lea et al. 1995, Spero 1988, Spero et al. 2015), and we cannot rule out
that instantaneous rates could be faster than the apparent threshold for B/Ca dependence
on rate. This is possible particularly during gametogenic crust deposition, which occurs
over a very short period at the end of the foraminifer’s life cycle in O. universa (Hamilton
et al. 2008)). However, without laser ablation or electron microprobe mapping of individ-
ual shells, we cannot quantify gametogenic calcite contribution in this study. In addition,
our estimates of growth rates in culture are at odds with two recent studies suggesting a
rate control on planktic foraminfieral B/Ca from sediment traps (Salmon et al. 2016) and
from core-top samples (Quintana Krupinski et al. 2017). Quintana Krupinski et al. (2017)
argued indirectly for a rate control, showing that that B/Ca has the strongest correlation
with Ωcalcite in their coretop samples of G. bulloides and N. incompta (Quintana Krupin-
ski et al. 2017). However, because Ωcalcite also significantly covaries with [B(OH)4-]/DIC
and [B(OH)4-]/[HCO3-], we thus cannot rule out a [B(OH)4-]/DIC or a [B(OH)4-]/[HCO3-]
control on B/Ca in their dataset. Curiously, the results of Salmon et al. (2016), who used
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test area density as a proxy for shell thickness (in µg/µm2 calcite) and thus growth rate,
directly conflict with the culture results of Allen et al. (2016), who estimated average
growth rates in µg day-1. Salmon et al. (2016) found that test area density was higher
in G. ruber compared to O. universa, while Allen et al. (2016) found the opposite trend.
Given the strong relationship between growth rate and B/Ca in inorganic calcites and
these divergent results between natural and cultured foraminifera samples, we suggest
that instantaneous foraminiferal growth rates should be better studied in culture with
geochemical tracers. Further analysis of intra-shell trace element trends coupled with
growth rate monitoring will help to illuminate these controls at the micro-scale.
Light and Size Effects on B/Ca in O. universa
Given that multiple studies have found that low light conditions caused reduced symbiont
photosynthesis and thus a reduction in pH near the foraminiferal calcifying environment
(Rink et al. 1998, Köhler-Rink and Kühl, 2005), we might expect that low light conditions
would cause a decline in B/Ca. Contrary to prediction, we do not find lower B/Ca ratios in
our low light experiment from Santa Catalina Island, where light levels were significantly
below light saturation for photosynthesis (19 µmol photons/m2/s, Figure 2.3c). However,
we do observe a pronounced decrease in B/Ca in low light experiments from Puerto Rico
(PR, from 70 to 58 µmol/mol). The spectral quality of light used between the two cul-
ture seasons was exactly the same, and so this cannot explain the differences we observe
between the two sites (see methods). Previously unpublished culture experiments do sug-
gest a higher sensitivity of O. universa B/Ca to pH in PR compared to Catalina (Figure S1),
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which could make the effect more pronounced in PR experiments. Based on the 1.5‰ δ11B
difference betweenO. universa grown in high light and low light experiments observed by
Hönisch et al. (2003), the integrated pH signal recorded by low light O. universa shells has
been quantified at -0.2 units compared to ambient conditions. Based on this estimate, the
Catalina B/Ca vs. pH calibration of Allen et al. (2011) predicts low light B/Ca should be 7
µmol/mol lower, while the more sensitive B/Ca calibration from PR predicts a decrease of
11 µmol/mol. Given that 2σ uncertainty for ambient B/Ca 65 µmol/mol is ±4 µmol/mol
(±6.6 %), the predicted light effect of -7 µmol/mol on Catalina may thus be too small to be
detectable.
Figure 2.7: Effects of test size and low light conditions on B/Ca andMg/Ca in select exper-
iments. In a), Mg/Ca (top, squares) and B/Ca (bottom, circles) from low light experiments
from Puerto Rico (blue) and Santa Catalina Island (red) are shown. In b), relative size
fractions for each experiment are shown in large, intermediate, and small circles (Table
S2). Size fraction replicates are almost always within analytical uncertainty (2σ).
In addition, O. universa from PR could have a more sensitive microenvironment pH
response to low light than those from Catalina Island. One possibility is that this variable
response is related to genetic differences between regional populations of O. universa.
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Darling and Wade (2008) showed that a different genotype of O. universa is present in
the Caribbean (Type I) versus Southern California (Type III). If the genetic differences are
expressed in physiological differences, such as differences in symbiont density, other pH-
sensitive ions should change in PR low light experiments and not in Catalina experiments.
For instance, shell Mg/Ca has been observed to increase at lower than ambient seawater-
pH (Lea et al. 1999, Russell et al. 2004, Evans et al. 2016), and should thus increase under
low light conditions. Indeed, average Mg/Ca increases by 0.91 mmol/mol (10%) in PR
low light experiments and does not change in Catalina experiments (Figure 2.7a). This
observation supports the notion that O. universa from the two study sites may show a
significantly different microenvironment response to low light intensity.
Overall, our results tentatively support the hypothesis put forth by Babila et al. (2014)
that light intensity can have a small effect on B/Ca in planktic foraminifera, although
different genotypes of the samemorphospecies appear to display differences in sensitivity.
If foraminifers did fully “bleach” at the PETM, it is conceivable that this could have a small
effect on B/Ca records. However, analyses of δ11B and δ13C of different size fractions of
symbiont-bearing species across the PETM do not provide any evidence for a reduction
of the symbiont association (Penman et al. 2014, Babila et al. 2016), arguing against a
significant “bleaching” effect. Careful analysis of isotopic trends with size is advisable
however to constrain this effect in future studies.
We also investigate whether shell size has a significant effect on B/Ca in O. universa.
Increased B/Ca in larger specimens of G. ruber and T. sacculifer from sediment traps has
been hypothesized to result from increased growth rates in larger individuals (Ni et al.
2007). Except for the 2x [Ca] experiment, our size fraction replicates do not suggest a
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size fraction effect on B/Ca. At 2x [Ca], large individuals (607-664 µm) have significantly
lower B/Ca than smaller ones (528-598 µm, Figure 2.7b). Because our simulated Paleocene
experiments were also conducted at 20 mmol/kg [Ca], it is not clear why these conditions
alone should cause a significant size fraction effect. Regardless of the results from this
one experiment, shell size alone does not appear to systematically influence B/Ca in O.
universa. This suggests that any variability in growth rate between size fractions of O.
universa is not large enough to affect B/Ca. However, B/Ca has been found to increase
with size in sediment core samples of T. sacculifer andG. ruber (Ni et al. 2007) and sediment
trap samples inG. ruber (Babila et al. 2014), warranting further investigation of size effects
in culture in these species.
Carbonate Chemistry Experiments
In order to more accurately constrain surface ocean carbonate chemistry shifts across
the PETM, we conducted a matrix of experiments to investigate how B/Ca responds to
both pH and DIC under constant simulated Paleocene seawater chemistry. Given our
consistent results in [Ca], DIC, and [B]T experiments, we assume that the [B(OH)4-]/DIC
ratio of seawater is the controlling parameter on B/Ca (Allen et al. 2012) without a major
growth rate influence. As indicated above, both [B(OH)4-]/DIC and [B(OH)4-/HCO3-] are
viable control parameters, but the practical difference between them is minimal and we
therefore adopt the [B(OH)4-]/DIC calibration for the sake of simplicity. Now we can in-
vestigate the effects of the [B(OH)4-]/DIC ratio on B/Ca in simulated Paleocene carbonate
chemistry experiments.
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Using the York Fit method in MatLab, we report linear calibrations for B/Ca vs. DIC,
B/Ca vs. pH at constant DIC=2000 µmol kg-1 and B/Ca vs. pH at constant DIC=3000 µmol
kg-1 (Table 2). Both of our “Paleocene” pH calibrations show markedly different behavior
at low seawater [B(OH)4-]/DIC, which is a probable background condition of the Pale-
ocene surface ocean, considering that it was likely characterized by low pH (Penman et
al. 2014, Anagnostou et al. 2016) and low [B]T (Lemarchand et al. 2000). When pHTot
decreases from 7.9-7.5 at a constant DIC of 2000 µmol kg-1, B/Ca decreases significantly
below the modern calibration, suggesting higher calibration sensitivity (Figure 2.4d, pur-
ple circles). This same increase in sensitivity with the same apparent slope is also seen in
pH experiments at constant DIC of 3000 µmol kg-1, which all fall below [B(OH)4-]/DIC=
0.03 (Figure 2.4d, red circles). In addition, B/Ca data from both sets of pH experiments (at
constant DIC=2000 µmol kg-1 and constant DIC=3000 µmol kg-1) converge to one calibra-
tion line below a [B(OH)4-]/DIC ratio of 0.03 (Figure 2.4d). This implies that the response
of B/Ca to [B(OH)4-]/DIC by decreasing pH or by increasing DIC has the same, more
sensitive, calibration slope below [B(OH)4-]/DIC=0.03. It should be noted that this is not
an artifact of using [B(OH)4-]/DIC as the controlling parameter, as the result is the same
when [B(OH)4-/HCO3-] is used (Figure S3).
Given the convergent sensitivity of B/Ca to [B(OH)4-]/DIC in both pH and DIC exper-
iments at these low values, it follows that other data from our DIC experimental matrix
at constant pH=7.8 (i.e. DIC=4000 and 2050 µmol kg-1) should fall along the same line.
However, data from the DIC=2050 µmol kg-1 experiment do not have good reproducibil-
ity, they fall below the line and are also lower than anticipated from the regression of
the other DIC experiments (Figure 2.4b). Mn/Ca ratios in the experimental seawater and
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Table 2.2: Equation Coefficients and Calculated Intercepts shifted through pre-PETM
Conditions.




DIC, Constant pH 1553 251 24.0 3.8 20.4 0.0155
pH, DIC= 2000 µmol/kg 664 133 41.6 4.3 49.0 -0.0068
pH, DIC= 3000 µmol/kg 1137 489 34.4 6.6 33.8 0.0094
Combined pH/DIC 1147 284 33.7 4.0 33.5 0.0096
Allen et al. 2011 425 67 50.1 3.3 56.7 -0.0287
the corresponding foraminifera shells were two orders of magnitude higher in this ex-
periment than in any other, which indicates some form of contamination, and we thus
do not include these data in our analysis (Figure S6). Data from the 4000 µmol kg-1 DIC
experiment do fall onto the calibration, with good reproducibility for two out of three
replicates (Table 1, Figure 2.4b). When the one low replicate data point is included in
the calibration, this greatly increases the calibration sensitivity (see supplemental text
S6). This replicate does not show any evidence for contamination, but based on sample
weights was primarily composed of calcite from two large individuals, which may not
have been representative of the entire shell population. Though this would allow us to
explain a greater proportion of the B/Ca excursion, it would be spurious to hinge our
interpretation on this one replicate. To err on the side of caution, we therefore define a
combined calibration for B/Ca versus both pH and DIC at low [B(OH)4-]/DIC up to a DIC
of 4000 µmol kg-1 (<0.03 [B(OH)4-]/DIC, Figure 2.4d, green line, Table 2), but exclude the
low replicate in our analysis here.
What can explain the increased sensitivity of B/Ca to [B(OH)4-]/DIC in our simulated
Paleocene acidification experiments? Allen et al. (2011) showed that in O. universa, B/Ca
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has lower sensitivity to changing [B(OH)4-] when pH is increased compared to when [B]T
is increased (see their Fig. 2). We argue that this suggests that O. universa is able to buffer
large swings in pH near the calcifying microenvironment, possibly by cellular pH reg-
ulation. Multiple authors have suggested that foraminifers increase their cellular pH to
promote calcification (e.g. Toyofuku et al. 2017, de Nooijer et al. 2009). This mechanism
would be particularly necessary at low ambient pH, where Evans et al. (2016) note that
foraminifers may need to “try harder” to raise intracellular pH. Given that in our “Pa-
leocene” pH calibration, B/Ca is lower than expected from the modern pH calibration,
a pH regulation mechanism may not be as active under the low Mg/Casw conditions in
our experiments (i.e., Mg/Casw=1.5 mol/mol, compared to a ratio of 5.1 mol/mol in the
modern ocean). Zeebe and Sanyal (2002) found that removal of Mg from seawater allows
inorganic calcites to precipitate at much lower pH levels (8.2 instead of 9.9, on the NBS
scale). It follows that at low Mg/Casw, foraminifers may not need to raise the pH of the
calcifying microenvironment as much to promote calcification, causing B/Ca to be rela-
tively diminished at low [B(OH)4-]/DIC under low Mg/Casw and thus showing increased
calibration sensitivity. In this model, at ambient pH, requirements for cellular pH modi-
fication would be lower, causing the calibrations to converge when [B(OH)4-]/DIC>0.03.
Culture experiments at low pH with variable Mg/Ca could test this hypothesis.
It is also possible that the relationship of B/Cawith [B(OH)4-]/DIC becomes non-linear
at low [B(OH)4-]/DIC and is better suited by one logarithmic regression rather than two
linear ones (Figure S6). This implies that foraminifers grown under modern seawater
chemistry may show the same non-linear behavior if they were cultured at these low
[B(OH)4-]/DIC values. To address this, more experiments at low [B(OH)4-]/DIC and oth-
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erwise modern seawater chemistry are warranted. However, there is clear divergence in
the behavior of pH and DIC experiments when [B(OH)4-]/DIC>0.03, as B/Ca in the low
DIC experiment (1000 µmol kg-1) is much higher than the pH experiments at a similar
[B(OH)4-]/DIC (Figure S6). This indicates that a single logarithmic regression does not
satisfactorily describe the relationship between B/Ca and [B(OH)4-]/DIC. Given the con-
vergent behavior at low values in our experiments, and that the Paleocene ocean likely
had low [B(OH)4-]/DIC (Penman et al. 2014), we therefore adopt our linear calibration
with increased sensitivity for application to this time period.
Application of New Calibrations
First principles suggest that during the PETM, pH should have decreased and total DIC in-
creased due to the combined effects of CO2 injection, seafloor CaCO3 dissolution, and on
>100kyr timescales, increased riverine input by enhanced continental weathering (Zeebe
et al. 2009, Komar and Zeebe 2011, Penman et al. 2016). Our “Paleocene” calibrations
now allow us to combine published δ11B-derived pH estimates (Penman et al. 2014) with
various scenarios for DIC change, to evaluate the conditions necessary to explain the ob-
served B/Ca excursion (Penman et al. 2014). As a first step, we investigate the peak-PETM
[B(OH)4-]/DIC ratios that are predicted for each of our calibrations, given the magnitude
of the B/Ca excursion of Penman et al. (2014). While previous O. universa calibrations
predicted negative [B(OH)4-]/DIC ratios, our “Paleocene” calibrations yield more reason-
able peak-PETM [B(OH)4-]/DIC ratios when applied to M. velascoensis B/Ca data (Table
2). Our “Paleocene” calibration for pH at DIC= 2000 µmol kg-1 still predicts a negative
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[B(OH)4-]/DIC ratio (-0.007), which is largely driven by the pHTot=8.3 data point. How-
ever, peak-PETM [B(OH)4-]/DIC becomes positive in our combined calibration for pH
and DIC when [B(OH)4-]/DIC<0.03 and in our DIC=3000 µmol kg-1 pH calibration (Ta-
ble 2). This further supports that the increased sensitivity we observe at low seawater
[B(OH)4-]/DIC is more applicable to PETM data, and that increased DIC amplifies the
PETM B/Ca excursion given increased sensitivity at low [B(OH)4-]/DIC.
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Figure 2.8: Translation of published PETM M. velascoensis B/Ca data from ODP Site 1209
to surface ocean carbonate chemistry. (a) and (b) predict the O. universa B/Ca shift in
response to surface ocean acidification (using δ11B data of Penman et al., 2014, solid green
lines), using (a) the modern O. universa pH calibration (Allen et al. 2011) and (b) our
“Paleocene” calibration. The shaded green areas show the 95% confidence interval of the
predicted excursion. Open symbols reflect actual measured B/Ca ratios (Penman et al.
2014). In (c) we use our combined pH and DIC relationship to calculate the DIC increase
needed to explain the remainder of the B/Ca excursion, showing a DIC pulse of up to 2500
μmol kg-1 compared to the small increase predicted by LOSCAR for the surface Pacific
Ocean (Zeebe et al. 2009, blue line). (d) Shows the corresponding Ω anomaly of the two
cases.
As a next step, we predict the B/Ca excursion resulting from the δ11B-derived surface
ocean pH decrease using both the “Modern” calibration of Allen et al. (2011) and our
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new “Paleocene” calibration for both pH and DIC at [B(OH)4-]/DIC <0.03. For the ini-
tial calculation we hold DIC constant at 2000 µmol kg-1, and only consider the [B(OH)4-]
decrease in response to the pH decrease inferred from δ11B (Penman et al., 2014). The
resulting “Paleocene” B/Ca excursion (Figure 2.7b) is larger than what is predicted by the
modern seawater calibration (Figure 2.8a), but is still smaller than measured by Penman
et al. (2014, at a 95% confidence level). We can now take the next step and calculate the
pulse of DIC that is necessary to explain the full peak-PETM B/Ca excursion, but to do so
we have to extrapolate our combined pH/DIC calibration to the PETM B/Ca ratio of 44.5
µmol/mol, which implies higher DIC values than simulated in our experiments (>4000
µmol kg-1). The calculated DIC from this exercise is shown in Figure 2.8c, and displays
an extraordinarily large DIC pulse from the background level of 2000 µmol kg-1 to 4500
µmol kg-1 on average immediately at the PETM. In comparison, the model estimates of
Zeebe et al. (2009) suggest a slow increase on the order of 350 µmol kg-1 DIC in the Pa-
cific surface ocean (Figure 2.8c), indicating that the carbonate chemistry shift predicted
by the B/Ca proxy is significantly larger than conceived by the model. This discrepancy is
similar to the larger pH excursion inferred from δ11B (i.e. -0.3 units, Penman et al. 2014)
compared to the -0.18 units from a LOSCAR model run, though Penman et al. (2014) sug-
gested that increasing the strength of organic carbon remineralization (Matsumoto 2007)
in the model parameterization brings δ11B and modeled pH excursions more into line.
It is additionally possible that other contributing factors have amplified the B/Ca
excursion recorded at the PETM, such as loss of B during peak acidification or post-
depositional diagenesis. Penman et al. (2014) discuss the possible effects of sediment
dissolution on their trace element records and conclude soundly that dissolution cannot
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account for the entire B/Ca excursion. This is because a pronounced Mg/Ca excursion is
also recorded, and because B/Ca remains low long after sediment dissolution recovered.
Recently, however, Edgar et al. (2015) showed that diagenetic alteration caused B loss
from Eocene planktic foraminifers displaying frosty preservation, in comparison to con-
temporaneous glassy specimens. Babila et al. (2016) measured B/Ca from a shallow ma-
rine section spanning the PETM off the New Jersey Margin, in which glassy foraminifers
were used for analysis. The authors note that the magnitude of the B/Ca excursion is
very similar to the excursion observed at Site 1209, suggesting instead that diagenetic
overprinting at the open ocean site is not a major contributor to the B/Ca signal, lending
confidence to the size of the excursion recorded at Site 1209. Nevertheless, diagenetic
alteration still imposes a potential bias on these trace element records that span a time of
extreme undersaturation. However, lacking evidence to the contrary, we proceed assum-
ing that the consistent results from the two disparate sites supports the large amplitude
of the B/Ca excursion at Site 1209.
We further test the feasibility of our DIC estimates by using reconstructed pH (from
δ11B) and DIC (from B/Ca) to calculate the corresponding surface ocean calcite saturation
state Ω in CO2sys.m (see section S6). Whereas the size of the DIC excursion predicted
by models such as LOSCAR is likely also affected by model parameterization, the result
from our reconstruction is ultimately untenable, as the inferred pH and DIC excursions
imply an increase in surface ocean Ωcalcite from 8 to 12 (Figure 2.8d, Table S6). This is
inconsistent with evidence of widespread seafloor dissolution as well as modeled surface
ocean Ω estimates that predict a decrease in surface ocean saturation at the PETM (Zachos
et al. 2005, Penman et al. 2014, Figure 2.8d).
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Consequently, although our “Paleocene” O. universa calibration yields positive, and
therefore more reasonable [B(OH)4-]/DIC values, it still appears too insensitive to satis-
factorily explain the B/Ca shift measured inM. velascoensis across the PETM. In addition,
including the lower DIC replicate in the calibration (see section 4.5, supplemental section
S6, Figure S7) drastically reduces the predicted DIC estimate and predicts no consistent
change in Ω across the PETM, implying that uncertainties on this calculation at this time
are too large for quantitative application. We therefore also refrain from estimating pCO2
at this time, as such a reconstruction would be fraught with uncertainty. However, the
B/Ca sensitivity to pH in O. universa is much less than that observed in G. ruber and T.
sacculifer (Allen et al. 2012, Fig. S1), and B/Ca systematics in O. universa alone may thus
not be appropriate for Paleocene foraminifera species. Investigating the response of B/Ca
in other symbiont-bearing planktic foraminifera to pH and low [B(OH)4-]/DIC under Pa-
leocene seawater conditions will add more certainty to carbonate chemistry estimates for
the PETM.
2.5 Conclusions
In O. universa, the B/Ca response to pH, DIC, and [B]T under simulated Paleocene sea-
water conditions parallels results from previous culture studies in modern seawater com-
position (Allen et al. 2011, Allen et al. 2012), and confirms that B/Ca increases with pH
and [B]T, but is inversely correlated with DIC. B/Ca in O. universa does not show any
increase with [Ca], suggesting that the growth rate effect observed in inorganic precip-
itates does not apply to this foraminifera species. Our estimates of average foraminifer
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shell growth rates, along with the B/Ca response to varying DIC, [Ca], and [B]T instead
support the previously postulated [B(OH)4-]/DIC or [B(OH)4-]/[HCO3-] control on the
proxy. Low light conditions cause a decrease in B/Ca in O. universa from Puerto Rico but
not from Santa Catalina Island, suggesting a differential physiological sensitivity between
sub-populations of the same species. Shell size does not consistently modify B/Ca within
measurement uncertainty in this species. Pairing low pH with high DIC conditions, the
sensitivity of the B/Ca proxy increases in simulated Paleocene seawater chemistry. This
improves carbonate and borate chemistry estimates for the PETM compared to calibra-
tions with O. universa grown in modern seawater. However, estimates of the DIC input
at the PETM, calculated from our new calibrations coupled with δ11B-derived pH esti-
mates, are untenably large and inconsistent with observations of carbonate dissolution at
the seafloor at that time. Further calibrations with other foraminifera species and confir-
mation of the paleo-surface ocean B/Ca shift from additional locations will be critical in
further constraining carbonate chemistry changes across the PETM.
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Chapter 3
Development of the B/Ca proxy in
planktic foraminifera for quantitative
application to Paleogene ocean
acidification events
Abstract
The boron/calcium (B/Ca) ratio of fossil planktic foraminifera shells is a promising tool
for reconstructing surface ocean carbonate chemistry in the geologic past. Multiple stud-
ies indicate planktic foraminiferal B/Ca depends on the [B(OH)4-/DIC] ratio of seawater.
However, B/Ca proxy records across intervals of carbon cycle perturbations in the dis-
tant geologic past have been interpreted only qualitatively, as appropriate calibrations
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for quantitative application did not exist. Here we present results from culture studies
designed to calibrate the B/Ca proxy for application to ocean acidification events during
the Paleocene-Eocene. To this end, we grew specimens of the modern, symbiont-bearing
foraminifera Globigerinoides ruber (pink) and Trilobatus sacculifer in seawater with simu-
lated Paleocene chemistry (high [Ca], low [Mg], and low [B]T). In our “Paleocene” exper-
imental seawater we varied pH and DIC, and also isolated the influences of [Ca] and [B]T
on the B/Ca proxy in otherwise “modern” seawater composition. Seawater [Ca] does not
increase B/Ca in any species cultured to date, confirming previous work that growth rate
does not influence B/Ca in symbiont-bearing foraminifera. Our new culture data from
T. sacculifer agree with previous results from O. universa, where the B/Ca proxy is more
sensitive to carbonate chemistry under the lowMg/Casw-“Paleocene” seawater conditions.
We explore mechanisms that can account for the inter-species trends that are observed
in foraminiferal B/Ca, and develop a unique calibration solution that can be applied to
Paleocene and Eocene ocean acidification events.
3.1 Introduction
Themodern surface ocean is rapidly acidifying in response to anthropogenic carbon diox-
ide emissions. Reconstructions of past ocean acidification events, such as the Paleocene-
Eocene Thermal Maximum (PETM, 55.93 Ma), can help to constrain the response of the
Earth System to rapid warming and acidification (Penman et al. 2014, Gutjahr et al. 2017).
In order to reconstruct such events, the boron/calcium (B/Ca) ratio of foraminiferal calcite
has been explored as a surface ocean carbonate system proxy over the past decade (Yu et
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al. 2007, Allen et al. 2011, 2012, Allen and Hönisch 2012, Henehan et al. 2015, Salmon et
al. 2016, Howes et al. 2017, Haynes et al. 2017). Theory suggests that foraminiferal B/Ca
responds to the seawater carbonate system because the behavior of dissolved B species
in seawater is dependent on acid-base chemistry. There are two forms of the element
dissolved in seawater: the negatively charged borate ion (B(OH)4-) which is the dominant
species at pH>8.6 and neutral boric acid (B(OH)3) dominating at pH<8.6. As pH increases,
the proportion of B(OH)4- versus B(OH)3 increases (Hershey et al. 1986). Because B(OH)4-
is the dominant species incorporated into marine calcites, the total B content of calcite
is predicted to increase with pH (Hemming and Hanson 1992). Conversely, when pH
decreases during ocean acidification events, planktic foraminiferal B/Ca should decrease,
serving as a recorder of past carbon system perturbations in the surface ocean.
Culture studies suggest that planktic foraminiferal B/Ca is not only controlled by
pH, but is rather driven by the borate/Dissolved Inorganic Carbon (DIC) [B(OH)4-/DIC])
or [B(OH)4-/HCO3-] ratio of seawater (Allen et al. 2012). This is based on the obser-
vation that increasing pH (and therefore higher [B(OH)4-]) increases B/Ca in planktic
foraminifera shells, whereas increasing total DIC decreases shell B/Ca, suggesting com-
petition between B(OH)4- and DIC ions during shell precipitation (Allen et al. 2012). As
DIC is primarily composed of HCO3- at seawater pH, it is difficult to distinguish between
dominant [B(OH)4-/HCO3-] versus [B(OH)4-/DIC] control on B/Ca. However, the distinc-
tion does not have a significant practical effect on our reconstructions (see discussion in
Haynes et al. 2017). Therefore, when combined with boron isotope (δ11B)-derived pH
estimates to constrain [B(OH)4-], B/Ca presents a valuable means by which to reconstruct






Given the PETM was characterized by a massive release of CO-], while seawater DIC
would have increased via direct carbon injection, increased chemical weathering, and
dissolution of seafloor carbonates (Penman et al. 2016). Indeed, multiple geographically
disparate B/Ca records in surface-dwelling foraminifera report pronounced decreases in
B/Ca that are similar in magnitude across the event (Penman et al. 2014, Babila et al.
2016, Babila et al. 2018). The coherence both in timing and amplitude of B/Ca change
among sites suggests limited local influence of dissolution or vital effects, such as sym-
biont bleaching (Babila et al. 2018). However, when modern B/Ca-[B(OH)4-/DIC] cul-
ture calibrations are applied to the PETM B/Ca data, they are relatively insensitive to
[B(OH)4-/DIC] and predict negative seawater [B(OH)4-/DIC] ratios (see Fig. 1 in Haynes
et al. 2017). This suggests that the modern calibrations are not applicable to the PETM,
and/or that additional controls on the B/Ca proxy affected the PETM records.
One reason that modern calibrations may not be applicable to the PETM is that the
major ionic seawater composition of the Paleocene Ocean was drastically different from
today (Lowenstein et al. 2014). In a previous study, Haynes et al. (2017) tested whether
lower [Mg], higher [Ca], and slightly lower [B]T, affected the sensitivity of B/Ca to pH
and DIC in the modern planktic foraminifer Orbulina universa. They found that the B/Ca
sensitivity to [B(OH)4-/DIC] of O. universa in “Paleocene” seawater is 2.7 times greater
at low [B(OH)4-/DIC] (high DIC, low pH) than the modern-ocean O. universa calibration
of Allen et al. (2011). Applying this “Paleocene” calibration to the PETM, Haynes et al.
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(2017) and Babila et al. (2018) estimate a positive [B(OH)4-/DIC] excursion, and thus more
realistic estimates of past carbonate chemistry.
To corroborate this earlier result, further calibration of modern symbiont-bearing
foraminifera is needed for robust application to the PETM. Conspicuously, the “Pale-
ocene” O. universa-based reconstruction of Haynes et al. (2017) predicts an infeasible
increase in seawater DIC. One possible explanation for this is that O. universa shows the
lowest B/Ca-to-pH sensitivity of symbiont-bearing planktic foraminifera species cultured
to date (Allen et al. 2012). Because B/Ca in shells of Globigerinoides ruber and Trilobatus
sacculifer are more sensitive to pH (Allen et al. 2012), calibration of the proxy in these
species is necessary to constrain the full range of “Paleocene” B/Ca proxy sensitivities in
symbiont-bearing foraminifera. In addition, why different species record different sensi-
tivities to pH also remains to be resolved. Pinpointing the source of these vital effects will
increase our confidence in applying the B/Ca proxy in both modern and extinct species.
Finally, additional controls on B/Ca have been suggested besides the [B(OH)4-/DIC] or
[B(OH)4-/HCO3-] ratio, including seawater [Ca] and consequent saturation-state-induced
changes in crystal growth rate. Importantly, Uchikawa et al. (2017) found that increased
crystal growth rate caused B/Ca of inorganic calcites to increase (Uchikawa et al. 2015,
2017). Furthermore, coretop calibrations from symbiont-barren species G. bulloides and
N. incompta suggested a saturation state and thus possibly growth rate control on shell
B/Ca (Quintana-Krupinksi et al. 2017). Because seawater [Ca] has varied throughout the
Cenozoic and changes to calcite saturation were likely significant during past ocean acid-
ification events (e.g. Bralower et al. 2018), the influence of [Ca] and thereby growth rate
on planktic foraminiferal B/Ca needs to be constrained. In culturedO. universa, Haynes et
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al. (2017) did not find a relationship between seawater [Ca] and B/Ca, suggesting growth
rate is more tightly controlled in this species compared to inorganic calcites (see also
Allen et al. 2016, Holland et al. 2017). However, this effect requires testing in other mod-
ern planktic foraminiferal species, such as G. ruber and T. sacculifer, for a more complete
understanding of [Ca] and growth rate control.
Here we report results from new culture experiments designed to calibrate the B/Ca
proxy as a quantitative proxy for reconstructing ocean acidification events in the early
Cenozoic. We firstly determined how isolated changes in seawater total boron concen-
tration ([B]T) and [Ca] affect the B/Ca proxy in the surface dwelling, symbiont bearing
foraminifera G. ruber (pink) and T. sacculifer. In addition, we tested the sensitivity of
T. sacculifer B/Ca across a range of pH and DIC values in simulated Paleocene seawater
composition (high [Ca], low [Mg], and slightly lower [B]T) in order to calibrate this proxy
for application to Paleogene acidification events. We also conducted a similar set of pH




Culturing experiments were carried out at the Isla Magueyes Marine Science Laboratory
in Puerto Rico in the spring of 2015. Foraminifers were hand-collected by SCUBA divers
15 km offshore of Isla Magueyes at a water depth of 2-8 m. Specimens were identified
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and measured using light microscopes and were then transferred into culture jars filled
with experimental seawaters. Jars were sealed with parafilm and tight-fitting lids to limit
CO2 exchange. Foraminifers were then hand-fed a day-old Artemia nauplius every 2 days
and quickly re-capped to limit CO2 outgassing. Temperature was logged continuously by
HOBO TidbiT loggers, and light levels were measured weekly with a light meter (Bio-
spherical Instruments, QSP-2000) and set to 320 ± 27 µmol photons m-2 s-1 in order to
ensure light saturation for photosynthetic symbionts (Rink et al. 1998).
While past seawater [Mg] and [Ca] are not precisely known, many proxy archives
such as fluid inclusions in halites (Lowenstein et al. 2001, Brennan et al. 2013), echino-
derm skeletons (Dickson 2002, Ries 2004), paired Mg/Ca-clumped isotope measurements
(Evans et al. 2017), as well as geochemical models (Hardie 1996, Demicco et al. 2005)
suggest seawater Mg/Ca (Mg/Casw) was much lower than today. For our experiments,
we therefore employed a Mg/Casw value based on average estimates reported by previous
studies (1.5 mol/mol, Tyrrell and Zeebe 2004, Lowenstein et al. 2014).
For Paleocene and [B]T experiments, experimental seawaters were prepared using 50%
natural and 50% artificial seawater. We collected natural seawater at the dive site, which
was subsequently filtered through a 0.8 µm filter before mixing with Milli-Q and salts to
achieve target elemental concentrations. Artificial seawater portions were prepared to
reach estimated target Paleocene seawater values: 20 mmol/kg [Ca], 30 mmol/kg [Mg],
and 393 µmol/kg [B] at a salinity of 35.6-35.9 (Lowenstein et al. 2014, Lemarchand et al.
2000, Lee et al. 2006, Table 1) with other molar ratios targeted according to Millero (1969).
In high [B]T experiments, boric acid was added to reach 2x modern [B]T values (based
on the modern =443 µmol/kg at S=35.8, Lee et al., 2010). Low B concentrations were
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achieved by mixing natural seawater with boron-free artificial seawater. In T. sacculifer,
DIC was varied independently from pH by the addition of NaHCO3 to artificial seawater,
to reach target values ranging from 1,500-3,000 µmol/kg prior to mixing with natural sea-
water. For all experiments, pH was then altered by the titration of seawater batches with
NaOH or HCl to respectively raise or lower pH to target values. To create high [Ca] sea-
waters, solid CaCl2•6H2 was added to filtered seawater to reach target concentrations of
20 mmol/kg. Table 1 lists the foraminifer species used and seawater chemistry conditions
for each experiment.
Alkalinity and pH of experimental culture waters were measured on a Metrohm titra-
tor at the beginning and end of each experiment on multiple individual culture jars. In
some cases, multiple seawater batches were created per experiment. Alkalinity and pH
measurements from replicate seawater batches were included in the final averaged values
(Table 1). Salinity was measured via conductivity meter at the beginning and end of each
experiment. After foraminifers completed gametogenesis, tests were rinsed with Milli-
Q water, their dimensions measured, and archived in micropaleoslides. Back at LDEO,
chambers grown in culture were amputated using a surgical steel blade and were pooled
to make the final sample. For two T. sacculifer experiments (LH 5SA and 5SB; LH 10SA
and LH 10SC, which were high [Ca] and high [DIC] experiments, respectively, Table S1)
there were enough specimens to split the shells into two size classes (as defined by each
foraminifers’ longest diameter) and measure them as full procedural (and size class) repli-
cates.
Carbonate system parameters were calculated using a CO2SYS.m script modified af-
ter Van Heuven (2011) to allow for the influence of seawater chemistry on the carbonate
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system, including [B], [Ca], and [Mg] (published in Haynes et al. 2017). The influence
of [Ca] and [Mg] on all equilibrium constants used in carbonate system calculations was
calculated using the PyMyAMI model of Hain et al. (2015, 2018). Uncertainties in carbon-
ate chemistry parameters were calculated via Monte Carlo simulation of errors associated
with T, S, Alkalinity, and pH, with the 2σ values reported in Table 1.
Analytical Methods
Foraminifer samples were cleaned following a standard oxidative procedure identical to
themethods of Haynes et al. (2017) and Allen et al. (2012). Briefly, samples were subjected
twice to a strong, 30-minute oxidative step, rinsed with B-free Milli-Q water, transferred
into acid-cleaned PFTE vials, and underwent a weak acid leach of 0.001N HNO3. Prior
to analysis, samples were acidified and dissolved using 0.065 N HNO3. Solutions were
measured for B/Ca on an Element-XR ICP-MS at Rutgers University. To quantify matrix
effects, a [Ca] matrix of 1.5-8 mM was run and used to make corrections at the end of
the run. The matrix correction was on the order of 1.1%. Long-term precision on B/Ca
measurements is 6.6%, which was applied to B/Ca data to estimate analytical uncertainty
(2σ, Table 1).
Elemental composition of seawaters was determined via simultaneous ICP-AES at
the Australian Natural University (Varian Vista Pro Axial). Experimental seawaters were
sampled before and after culturing, filtered with a 0.2μm filter, acidified with 150 μl Op-
tima grade HNO3, covered with Parafilm®, and stored until analysis in the summer of
2015. Prior to analysis, samples were diluted 10x with 2% HNO3 and then run using a
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standard-sample bracketed routine with a synthetic seawater standard of known elemen-
tal concentrations. Initial and final seawater [B], [Ca], and [Mg] values were averaged to
determine experimental values (Table 1, Table S2).
3.3 Results
Carbonate Chemistry Experiments
Our “Paleocene” carbonate chemistry experimental results for T. sacculifer are consistent
with the findings of previous studies (Allen et al. 2011, 2012, Haynes et al. 2017, Henehan
et al. 2015, Howes et al. 2017), where B/Ca increases with pH and decreases with DIC
(Figures 1, 2). In addition, B/Ca in T. sacculifer decreases more steeply than in the “mod-
ern” calibration of Allen et al. (2012) at low [B(OH)4-/DIC] (Figure 3.1A, B). Specifically,
across pHTS=7.9 to 7.5 and at a constant DIC of 3000 µmol/kg, B/Ca decreases from 80 ±
6 to 64 ± 4 µmol/mol (Figure 3.1A, 2RSD uncertainties). In contrast, across a pH decrease
from pHTS=8.1 to 7.9 at DIC of 2000 µmol/kg, B/Ca shows no significant decrease. This is
in line with the modern calibration sensitivity in this species and is similar to the trend
observed in “Paleocene” O. universa experiments (Allen et al. 2012, Haynes et al. 2017,
Figure 3.1B). In DIC experiments at a constant pHTS=7.9, B/Ca in T. sacculifer increases
from 80 ± 6 µmol/mol to 123 ± 8 µmol/molwhenDIC decreases from 3,000 to 1,500 µmol/kg
(Figure 3.2A, B). We exclude one T. sacculifer data point that displayed unexpectedly high
B/Ca in our analysis (LH3, pHTS=7.5, DIC = 2000 µmol/kg, 115 ± 8 µmol/mol, Table 1).
We consider this value as unreliable because inorganic precipitates were observed in this
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experiment, which may have resulted from anomalously high [Ba] measured in the ex-
perimental seawater due to contamination from seawater salts that were used to make
these particular experimental seawaters from LH3 (Table 1).
In G. ruber experiments, we changed pHTS from 7.69-8.12 at a constant DIC of 2,000
µmol/kg under simulated Paleocene seawater composition. Average B/Ca in all of these
experiments is almost two times higher than in specimens grown in modern seawater
(229 µmol/mol, compared to 143 µmol/mol from Allen et al. 2012). B/Ca increases from
214 ± 14 to 257 ± 17 µmol/mol when pHTS increases from 7.69 to 8.12 (Figure 3.1C).
Targeted [B]T Experiments
Increasing [B]T from 0.5 to 2x the modern value, B/Ca increases from 56 ± 4 to 292 ±
19 µmol/mol in T. sacculifer and 113 ± 7 to 480 ± 32 µmol/mol in G. ruber (Figure 3.3).
Comparing our variable [B]T data to the “ambient” B/Ca data of Allen et al. (2012), we find
that contrary to results fromO. universa (Allen et al. 2011, Haynes et al. 2017), the increase
in T. sacculifer and G. ruber is somewhat non-linear, particularly at high [B]T (Figure 3.3).
One possible reason for this non-linearity is that we conducted our [B]T experiments at a
slightly lower pHTS than the “ambient” experiments of Allen et al. (2012) (7.9, compared
to 8.03, Table 1). Allen et al. (2011) found that in O. universa, at the same [B(OH)4-/DIC],
low pH causes B/Ca to increase beyond B/Ca of foraminifers grown at low [B]T (see their
Figure 3.2). To compare our [B]T experimental data to those conducted by Allen et al.
(2012), we determined the B/Ca values of the foraminifera of Allen et al. (2012) if they
had grown at pHTS=7.9 ([B(OH)4-/DIC] = 0.036) (Figure S1, Figure 3.3). This allows our
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[B]T experiment data to be directly compared to the Allen et al. (2012) data and results in
the revised relationships between B/Ca vs. [B(OH)4-/DIC] displayed in Figure 3.3. With
these revised relationships, B/Ca in both T. sacculifer and G. ruber shows a reduced but
still present non-linear increase at high [B]T.
Targeted [Ca] Experiments and Shell Size Influence
In order to evaluate the influence of elevated [Ca] on B/Ca, we also compare our high [Ca]
experimental data to the species-specific “ambient” B/Ca data of Allen et al. (2012). These
culture experiments were conducted with the same pHTS = 8.04 (Figure 3.4). However,
because salinity was increased in our [Ca] experiments by approximately 1 unit due to
the addition of CaCl2 salt, we correct B/Ca for the slight increase implied by the salinity
relationships of Allen et al. (2012). In high [Ca] experiments (i.e. [Ca]=20 mmol/kg),
B/CaG. ruber equals 151 ± 11 µmol/mol (161 µmol/mol uncorrected), which is within un-
certainty of the “ambient” value measured by Allen et al. (2012, 141 ± 8 µmol/mol, 142
µmol/mol uncorrected, Figure 3.4). This comparison excludes one replicate of the high
[Ca] experiment in G. ruber, which had a higher B/Ca ratio (212 µmol/mol), because [Ca]
counts were extremely low in this sample during analysis (Table 1). In larger T. sacculifer
shells (769-818 µm), B/Ca is 96 ± 7 µmol/mol (108 µmol/mol uncorrected), within uncer-
tainty of the Allen et al. value (89 ± 5 µmol/mol, 93 µmol/mol uncorrected). In smaller
shells (478-723 µm), average B/Ca is slightly higher at 116± 8 µmol/mol (127 µmol/mol un-
corrected). Size fraction replicates from the high DIC experiment (LH10) have the same
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Paleocene SW, DIC = 1500 µmol/kg
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Paleocene SW, DIC = 3000 µmol/kg
O. universa (Haynes et al. 2017)
T. sacculifer G. ruber
Modern SW (Allen et al. 2012)
Paleocene SW,  DIC = 2000 µmol/kg
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C
Modern SW (Allen et al. 2012)
Paleocene SW, DIC = 1000 µmol/kg
Paleocene SW, DIC = 2000 µmol/kg
Paleocene SW, DIC = 3000 µmol/kg
Paleocene SW, DIC = 4000 µmol/kg O. universa (Haynes et al. 2017)
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D
Figure 3.1: Response of B/Ca to pH in “Paleocene” seawater chemistry and across dif-
ferent DIC concentrations. B/Ca data from ”Paleocene” seawater were grown in culture
media with 2x [Ca], 0.6x [Mg], and 0.9x [B]T. In A, B, and C “Paleocene” data from T.
sacculifer c(squares, this study), G. ruber (diamonds), and O. universa (circles, Haynes et
al. 2017) are plotted in colors and compared to the “Modern” seawater data from Allen
et al. (2011, 2012, empty symbols). Grey data were conducted at low DIC (1000 or 1500
µmol/kg, see figure labels); blue data were conducted at 2000 µmol/kg DIC; red data were
conducted at 3000 µmol/kg DIC; and green data were conducted at 4000 µmol/kg DIC (in
O. universaonly). In A-C, we show these experiments plotted versus pH. In D, we show
the T. sacculifer and O. universa data plotted versus [B(OH)4-/DIC]. [B(OH)4-/DIC] = 0.03
is highlighted by the dotted line in panel B for reference. Red lines in panel B show cali-
bration curves for [B(OH)4-/DIC] in Paleocene seawater, including low DIC data in both
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Figure 3.2: Response of B/Ca to variable DIC from foraminifera (colors) and inorganic
calcites (grey, black, Uchikawa et al. 2017). In A, data are plotted versus DIC, and in B, the
same data are plotted versus [B(OH)4-/DIC]. In grey triangles, we show DIC experiments
where inorganic calcite growth rate (G.R.) was allowed to vary, and in black triangles,
we show DIC experiments where growth rate was held constant via the addition of Ca2+
(Uchikawa et al. 2017).
3.4 Discussion
Our experiments indicate that variations in seawater [B(OH)4-/DIC] are the dominant con-
trol on B/Ca in T. sacculifer and G. ruber, validating the results from O. universa (Haynes
et al. 2017). Below, we first compare all [Ca] experimental data in order to determine if
saturation-induced growth rate effects compromise the B/Ca proxy in foraminifera sim-
ilar to inorganic calcite (Uchikawa et al. 2015, 2017) and potentially symbiont-barren
species (Quintana Krupinski et al. 2017). Subsequently, we use our [B]T experiments to
determine whether modern foraminifers are appropriate analogs for Paleocene species in
terms of B/Ca content. Finally, we discuss our new carbonate chemistry calibrations for
[B(OH)4-/DIC] and propose a unifying framework for the application of our new B/Ca




















Figure 3.3: The effect of [B]T on B/Ca in three symbiont-bearing species. Results are
shown from [B]T experiments in O. universa (Haynes et al. 2017, Allen et al. 2011), G.
ruber and T. sacculifer (this study). [B]T experiments from T. sacculifer and G. ruber are
compared to the “ambient” data of Allen et al. (2012, 1X [B]T in A, and [B(OH)4-/DIC]
= 0.045 in B). In A, B/Ca is shown versus x[B]T compared to the modern value at the
appropriate salinity. In B, open symbols show the B/Ca value predicted for pHTS=7.9
based on the calibrations of Allen et al. (2012, see text for details). In the shaded region,
we show the decrease in seawater [B(OH)4-/DIC] predicted from a decrease in seawater
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Figure 3.4: The effect of seawater [Ca] on B/Ca. Results of foraminiferal experiments
are shown alongside results from inorganic calcite experiments of Uchikawa et al. (2015,
2017). Open symbols show uncorrected B/Ca data while closed symbols show data cor-
rected for slightly elevated salinity in high [Ca] experiments. B/Ca data from ambient
[Ca] (10 mmol/kg) in G. ruber and T. sacculifer are from Allen et al. (2012).
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Re-assessing Growth Rate Effects on Planktic Foraminiferal B/Ca via
comparison with Inorganic Calcites
Our results from [Ca] experiments in foraminifers do not suggest that foraminiferal
B/Ca is affected by increasing saturation state, contrary to results from inorganic cal-
cites (Uchikawa et al. 2015, 2017). Previous work on O. universa showed that [Ca] has
no effect on B/Ca in this species (Haynes et al. 2017) and here we also find no significant
change in B/Ca in G. ruber at high [Ca] and therefore high ωcalcite. Moreover, although
there is a slight increase in T. sacculifer B/Ca in the smaller shell size replicate, this is not
found in the larger shell size replicate. We note that we do not observe a size effect in the
high DIC, “Paleocene” seawater experiment in T. sacculifer (LH10) which also had high
[Ca], suggesting this is not a pervasive feature linked to high [Ca] conditions (Table S1).
Further systematic measurement of size class effects in culture is needed to determine if
the trends observed in coretops also occur in culture.
In summary, most of our data do not reflect a B/Ca increase at higher [Ca] and in the
one case where B/Ca is increased at higher [Ca], the effect is greatly reduced compared to
that in inorganic calcite (Uchikawa et al. 2015, 2017, Figure 3.4). The lack of a saturation
state effect on B/Ca agrees with previous studies showing that foraminiferal growth rate
is relatively tightly controlled in high [Ca] experiments and does not vary with ambient
calcite saturation state as much as in inorganic calcite (Allen et al. 2016, Holland et al.
2017, Haynes et al. 2017).
Crucially, inorganic calcite precipitation experiments have also shown that there is an
inorganic basis for a [B(OH)4-/DIC] (or [B(OH)4-/HCO3-]) control on B/Ca. When growth
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rate is held constant, inorganic B/Ca decreases with increased DIC, which agrees with the
trends observed in planktic foraminifers (Figure 3.2, Uchikawa et al. 2017). This observa-
tion in inorganic calcite supports the notion that the DIC effect was likely also a feature of
now-extinct Paleocene foraminifers, given its inorganic basis and its ubiquitous appear-
ance in modern foraminifers.
Comparing modern and Paleocene foraminifers’ B contents via [B]T
culture experiments
Our low [B]T experiments allow us to investigate whether modern planktic foraminifer
species are possible analogs for Paleocene species in terms of B incorporation, given the
estimated low [B]T of the Paleocene Ocean (Lemarchand et al. 2000). To do this, we inter-
polate between experimental [B]T conditions (0.5-1x themodern concentration) to find the
corresponding B/Ca that should result if each modern species was grown in 0.9x modern
seawater [B]T (Lemarchand et al. 2000, Figure 3.3). The decrease in [B(OH)4-/DIC] cor-
responding to this 10% decrease in [B]T was calculated via CO2sys.m, assuming a pHTS
of 7.9, DIC=2000 µmol/kg, T=25℃, and S=35. Based on our [B]T calibrations for B/Ca
versus [B(OH)4-/DIC] (Figure 3.3), the resultant [B(OH)4-/DIC] decrease of 0.0035 units
predicts a theoretical B/Ca of 87 µmol/mol in T. sacculifer, 61 µmol/mol in O. universa,
and 135 µmol/mol in G. ruber. These values agree well with our “Paleocene” experiments
conducted at 0.9x [B]T, pHTS=7.9, DIC=2000 µmol/kg in T. sacculifer and O. universa; mea-
sured B/Ca is 94 ± 6 µmol/mol and 63 ± 4 µmol/mol, respectively (Figure 3.1, Table 1, Table
S2). Pre-PETM B/Ca values in M. velascoensis and Acarinina spp. are about 70 µmol/mol
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on average (Penman et al. 2014, Babila et al. 2016). This suggests that Eocene symbiont-
bearing species’ B/Ca falls somewhere in between that of O. universa and T. sacculifer.
While [B]T reconstructions are only based on modeling studies thus far (Lemarchand et
al. 2000), the consistency of these estimates supports the notion that ancient species be-
haved similar to modern ones in terms of B incorporation.
In contrast, the results from our ”Paleocene” experiments in G. ruber diverge signifi-
cantly from the other two species. Globigerinoides ruber grown in “Paleocene” seawater
chemistry record B/Ca values that are significantly higher than those of specimens grown
in modern seawater (B/Ca”Paleocene”=226 µmol/mol on average, compared to a predicted a
B/Ca value at 0.9x [B]T of 135 µmol/kg, Figure 3.1C, Figure 3.3). Given that we found little
effect of seawater [Ca] on B/Ca in G. ruber, this leaves seawater [Mg], or the seawater
Mg/Ca ratio, as a possible control on B/Ca. Because B/Ca in this species is much higher
than heretofore observed in any foraminifer species of Paleocene to Eocene age (e.g. Pen-
man et al. 2014, Babila et al. 2016, Edgar et al. 2015), it is not a likely analog species for
Paleocene foraminifers, and so we do not consider the culture data from this species for
paleo-application to the PETM.
Carbonate Chemistry Relationships under “Paleocene” seawater
chemistry
Using our new B/CaT. sacculifer culture data conducted in “Paleocene” seawater chemistry,
we can now assess the applicability of our calibrations to Paleocene-Eocene B/Ca records.
The consistency of our pH and DIC experimental results in T. sacculifer compared to those
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of earlier studies corroborates our confidence in [B(OH)4-/DIC] being the dominant con-
trol on B/Ca. Because we also show that [Ca] does not increase B/Ca via growth rate
effects (Figure 3.4), we proceed assuming a [B(OH)4-/DIC] control on B/Ca.
Given that B/Ca increases with [B(OH)4-] and decreases with DIC, we must determine
whether both variables affect B/Ca with a single [B(OH)4-/DIC] relationship. In a previous
study of O. universa, Haynes et al. (2017) found that when the [B(OH)4-/DIC] is changed
by either B(OH)4- (via pH) or DIC below a [B(OH)4-/DIC] ratio of 0.03, B/Ca responds to
each parameter on the same calibration slope (red line, Figure 3.1B). This unified response
suggests that under lowMg/Casw, [B(OH)4-] and DIC ions (HCO3- and CO32-) compete one
for one for the same lattice space in CaCO3. While our T. sacculifer calibration is composed
of fewer data, the same relationship appears to hold, where both pH (i.e. B(OH)4-) and DIC
force B/Ca along the same calibration line below [B(OH)4-/DIC] = 0.03 (red lines, Figure
3.1B). We therefore assume the same systematics apply to T. sacculifer as in O. universa.
Assuming pre-PETM DIC=2000 µmol/kg (i.e. similar to today) and a lower [B]T of
0.9x the modern value, Haynes et al. (2017) estimated a pre-PETM [B(OH)4-/DIC] ratio of
0.033. Gutjahr et al. (2017) estimate a lower pre-PETM DIC of 1760 µmol/kg, suggesting
an even higher B(OH)4-/DIC ratio of 0.037. The behavior of our Paleocene calibrations
above [B(OH)4-/DIC] = 0.03 is therefore relevant for paleo-application. Contrary to the
results at low [B(OH)4-/DIC], “Paleocene” B/Ca shows a different sensitivity at higher
[B(OH)4-/DIC] values (>0.03) depending on which parameter is changed: pH (B(OH)4-)
or DIC (Figure S2). When pH increases to > 8.0 (or [B(OH)4-/DIC] > 0.03), B/Ca shows a
much smaller increase than predicted by the linear trend at pH < 8.0 (or [B(OH)4-/DIC]
< 0.03). However, when [B(OH)4-/DIC] > 0.03 is driven by low DIC, B/Ca is much higher
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and follows the more sensitive linear trend observed when [B(OH)4-/DIC] < 0.03 (Figure
3.1B, see low DIC data in grey symbols; Figure S2). The cause of this divergence is not
clear, but it is systematic in both species.
This divergence requires us to make a choice about which calibration slope is more
applicable to the PETM - including low DIC or high pH data in the calibration. Modeling
studies show that it is unlikely that Paleocene ocean pH was greater than 7.9 (Panchuk
et al. 2008, Zeebe et al. 2009), which is required to obtain [B(OH)4-/DIC] > 0.03 at am-
bient DIC=2000 µmol/kg. As mentioned above, modeling studies also suggest that DIC
was slightly lower than today; in addition to the Gutjahr et al. (2017) estimate of 1760
µmol/kg, Zeebe et al. (2009) estimate surface ocean DIC at 1920 µmol/kg. Consequently,
we consider the higher pH conditions of our experiments as non-analogous to the PETM
and therefore favor calibrations including low pH and low DIC when [B(OH)4-/DIC] >
0.03.
Including the low DIC data in our calibration, we define calibrations for B/Ca versus
[B(OH)4-/DIC] in both species, as driven by both changes in pH (B(OH)4-) and DIC. We
calculate linear Yorkfit regressions including the uncertainty in measured B/Ca and cal-
culated [B(OH)4-/DIC] from our “Paleocene” carbonate chemistry experiments (excluding
the high pH data, red lines in Figure 3.1B):
T. sacculifer : B/Ca (µmol/mol) = 1815 ± 283 × [B(OH)4-/DIC] + 43 ± 7 (3.2)
O. universa : B/Ca (µmol/mol)= 1348 ± 185 × [B(OH)4-/DIC] + 31 ± 3 (3.3)
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Our new “Paleocene” T. sacculifer calibration has a significantly more sensitive slope than
the “Paleocene”O. universa calibration, consistent with the greater pH sensitivity of T. sac-
culifer compared to O. universa under modern seawater conditions (Allen et al. 2012, see
also Fig. 1A,C).The “Paleocene” T. sacculifer calibration is not significantly more sensitive
than the modern T. sacculifer calibration of Allen et al. (2012) given their large calibra-
tion uncertainties (slope = 853+1244−461 ). However, we note that the “Paleocene” increase in
calibration sensitivity is particularly large at low [B(OH)4-/DIC] (Figure 3.1D).
Unifying Controls on B/Ca between Different Planktic Foraminifer
Species
Although B/Ca in “Paleocene” seawater is more sensitive to carbonate chemistry than the
modern calibrations, the difficult question remains of how to apply these calibrations to
now-extinct foraminifer species. Because our “Paleocene” T. sacculifer calibration has a
greater slope than the O. universa calibration (Haynes et al. 2017), it has the potential to
explain a greater fraction of the PETM B/Ca excursion. However, the modern symbiont-
bearing species cultured to date - G. ruber, T. sacculifer, and O. universa - all show variable
calibration sensitivities of B/Ca to pH (Allen et al. 2012, this study). We do not know the
sensitivity of ancient species B/Ca to pH and DIC and are therefore left with the question
- which (if any) calibration is most appropriate to apply to the now-extinct Paleocene
symbiont-bearing species suchMorozovella velascoensis (D’Hondt et al. 1994)? To increase
our confidence in applying culture calibrations to extinct species, we explore a unifying
framework for the controls on foraminiferal B/Ca.
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To do so, we first consider the relationships between foraminiferal B/Ca and pH. In
modern foraminifers, the pH-driven sensitivity of B/Ca to [B(OH)4-/DIC] scales with the
species’ absolute B/Ca values (Allen et al. 2012); as average B/Ca increases from O. uni-
versa < T. sacculifer < G. ruber, the sensitivity of B/Ca to pH increases as well (Figure 3.5A,
pastel symbols). When the B/Ca culture data for each species’ are divided by the B/Ca at
modern surface seawater pH (e.g., normalized to the B/Ca value of cultured foraminifers
grown in natural seawater at pHTS=8.03), the trends in each species collapse to a single
relationship (Figure 3.5B). The outlier in this relationship is the highest pH data point in
O. universa (pHTS = 8.6), where B/Ca is lower than expected based on this framework.
Given that these high pH conditions are not observed in the modern ocean and were
an unlikely condition of the past, we exclude the high pH culture data from further dis-
cussion of the B/Ca proxy systematics herein (Figure 3.5B, pH > 8.3). When the same
exercise is conducted for our new “Paleocene” carbonate chemistry data from O. universa
and T. sacculifer, both species also show the same sensitivity, indicating that this behavior
holds at low Mg/Casw (Figure 3.5B). This consistent relationship among species between
normalized B/Ca changes and [B(OH)4-/DIC] suggests a systematic control on the B in-
corporation into planktic foraminifer shells.
A possible reason for this systematic behavior is that each foraminifer species modi-
fies the [B(OH)4-/DIC] ratio of its calcifying environment to a different degree. There are
three variables that can be altered to affect the calcifying environmental [B(OH)4-/DIC]
ratio: pH (affecting B(OH)4-), [B]T (also affecting B(OH)4-), and DIC. Resultant shell B/Ca
will be a product of the [B(OH)4-/DIC] ratio of the calcifying fluid. Accordingly, system-
atic modification of any of these variables by the foraminifer may explain the consistent
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relationship between foraminiferal B/Ca and pH in the different species. The first possi-
bility we consider is that each foraminifer species exerts a unique and constant degree of
pH up-regulation in the calcifying environment. Increased pH at the site of calcification
has been observed in some living benthic foraminifers (Toyofuku et al. 2017, de Nooijer
et al. 2009), and has been invoked as a possible explanation for δ11B offsets between dif-
ferent foraminifer species (Rae et al. 2018). To test this, we calculate theoretical calcifying
environment [B(OH)4-/DIC] using CO2sys.m across a wide range of pH values. At each
ambient seawater pHTS value (ranging from 7.3-8.1), we enforce “up-regulation” of pH
by a constant value. For instance, in this thought experiment a constant up-regulation
of 1 pH unit (the most extreme case) results in calcifying environment pHTS values of
8.5 compared to the ambient pHTS of 7.5 and a [B(OH)4-/DIC] of 0.095 compared to 0.016
(red line, Figure 3.5C). With greater pH up-regulation, the sensitivity of foraminiferal mi-
croenvironmental [B(OH)4-/DIC] versus ambient seawater [B(OH)4-/DIC] (i.e. the slope
of the relationship) does increase (Figure 3.5C). In order to find the normalized sensitivity
of microenvironmental [B(OH)4-/DIC] vs. ambient seawater [B(OH)4-/DIC] for each pH
up-regulation case, we divide each microenvironmental [B(OH)4-/DIC] value by the am-
bient seawater [B(OH)4-/DIC] at pHTS=8.03 (Figure 3.5D). The resultant pH up-regulation
curves have a highly variable shape, and do not collapse to the same relationship, un-
like the uniform relationship that is observed in foraminifers (Figure 3.5D vs. B). This
is because the relationship of [B(OH)4-] to pH is logistic and its slope varies as pH in-
creases (Figure 3.6A). The deviation of predicted relative [B(OH)4-/DIC] curves in these
hypothetical scenarios indicates that species-specific pH-up regulation cannot explain the
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Figure 3.5: Testing theoretical control of internal cellular [B], [DIC], and pH regulation
on foraminiferal B/Ca. In A and B, we show the results from foraminifera cultures for
modern seawater composition (Mg/Casw = 5.1) and from “Paleocene” seawater compo-
sition (Mg/Casw= 1.5, reduced [B]T). In foraminifer culture data, we find that data from
multiple species align with each other when B/Ca is normalized to each species’ value
at pH=8.03 in both “Paleocene” and “Modern” seawater cultures. “Modern” culture data
are from Allen et al. (2011, 2012); “Paleocene” O. universa data are from Haynes et al.
(2017); and “Paleocene” T. sacculifer data are from this study. In C, E, and G, plot external
seawater [B(OH)4-/DIC] across a pH range of 7.5-8.1. On the y axis, we plot calculated
theoretical [B(OH)4-/DIC] in the foraminiferal microenvironment (cellular B(OH)4-/DIC)
assuming enhanced microenvironment pH (C) boron concentration (E), or DIC (G). In D,
F, and H, the relative increase in [B(OH)4-/DIC] is shown, calculated by normalizing to
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Figure 3.6: Calculated B(OH)4- in scenarios for pH up-regulation (A) and [B]T regulation
(B). In A the color of the shaded regions corresponds to the color of the case considered
in Figure 3.5C (red versus grey lines). In B the colors of the shaded regions correspond to
the colors of the cases considered in Figure 3.5E (grey versus green lines). In the constant
pH up-regulation case, B(OH)4- is increased along a different portion of the B(OH)4—pH
curve, causing the relative change in B(OH)4- for a given seawater pH to vary between the
up-regulation cases. In the [B]T regulation case, B(OH)4- increases along a portion of the
B(OH)4—pH curve that has the same shape, causing the relative relationships to collapse
when [B(OH)4-/DIC] is normalized to “ambient” conditions (See Figure 3.5F).
A second possibility is that each foraminifer species regulates the [B]T of the calcifying
environment to a different degree. In this hypothesis, the increasing trend of shell B/Ca
in O. universa < T. sacculifer < G. ruber predicts that calcifying environmental [B] would
be lowest in O. universa and highest in G. ruber. We calculate how microenvironmental
[B(OH)4-/DIC] changes with ambient [B(OH)4-/DIC] as driven by pH at four different cal-
cifying environmental [B]T values (1-4x the modern seawater concentration, Figure 3.5E).
When [B]T is increased in the foraminiferal calcifying environment, the overall value and
sensitivity of microenvironmental [B(OH)4-/DIC] to seawater [B(OH)4-/DIC] as driven by
pH also increases. This is because the sensitivity of B(OH)4- to pH increases when [B]T
increases (Figure 3.6B). When each microenvironmental value is normalized to the ambi-
ent seawater [B(OH)4-/DIC] at ambient pHTS=8.03, we find that the microenvironmental
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[B(OH)4-/DIC] increase relative to the ambient value at pHTS=8.03 is the same for each
[B]T case (Figure 3.5F). This matches what we observe in the various foraminifer calibra-
tions (Figure 3.5 A-B).
Finally, we test the case in which each foraminifer species concentrates DIC in the
calcifying environment to a different degree (Evans et al. 2018a). We assume that DIC of
the foraminiferal calcifying environment ranges from 1,000 to 4,000 µmol/kg. In this final
thought experiment, the increase in B/Ca from O. universa < T. sacculifer < G. ruber pre-
dicts the highest DIC values in the calcifying environment ofO. universa and the lowest in
G. ruber. When pHTS is varied from 7.3-8.1 across these constant DIC values and the nor-
malized microenvironmental [B(OH)4-/DIC] values are calculated relative to pHTS=8.03,
we find that normalized microenvironmental [B(OH)4-/DIC] vs. ambient [B(OH)4-/DIC]
collapses to the same relationship (Figure 3.5H). Similar to the B concentration control
discussed in the previous thought experiment (Fig. 5F), different levels of DIC concentra-
tion in the calcifying environment can therefore also explain the trends that we observe
in foraminiferal B/Ca with [B(OH)4-/DIC] as driven pH (Fig. 5A).
Any mechanism that explains the species-specific trends of foraminiferal B/Ca ver-
sus [B(OH)4-/DIC] as driven by pH must also explain the observed sensitivity between
B/Ca and the [B(OH)4-/DIC] ratio when driven by DIC. We test each of the three cases-
variable [B]T regulation, variable offsets in pH up-regulation, and variable offsets in DIC
regulation- across a range of seawater DIC, from 1,000-4,000 µmol/kg (Figure S3). In the
case of DIC regulation, a constant DIC increase is assumed (e.g., +500 µmol/kg) across the
entire external DIC range (Figure S3C). Calcifying environment [B]T and pH regulation
both cause relative [B(OH)4-/DIC] relationships to collapse, but the DIC regulation case
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does cause changes in normalized sensitivity (Figure S3). Given that the full suite of DIC
experiments has not yet been conducted in O. universa and G. ruber in modern seawater
chemistry, we cannot yet fully evaluate whether these changes in sensitivity to DIC are
observed between the species. Because we have already ruled out different degrees of pH
up-regulation, this leaves both [B]T and DIC regulation as feasible hypotheses that can be
tested in the future.
Our conclusion that B/Ca offsets between foraminifer species are likely driven by
variable calcifying environmental [B]T or DIC requires additional modification to meet
the observation that some foraminifers are observed to regulate the pH of their calcifying
environment, e.g., via proton pumping (Toyofuku et al. 2017, de Nooijer et al. 2009). To
resolve this, each foraminifer species could up-regulate their pH by a similar amount (e.g.,
1 pH unit) across the entire pH range with variable degrees of B (or DIC) concentration.
In this case the same relative [B(OH)4-/DIC] curves would be observed between species
(as in Figure 3.5F, H).
Determining how exactly foraminiferal [B] or DIC regulation is accomplished goes
beyond the scope of this study. Seawater vacuolization, ion pumping and/or seawater
leakage across the pseudopodial network have been suggested for various proxies and in
different calcification models (Nehkre et al. 2013, Bentov et al. 2009, Evans et al. 2018),
all of which could affect intracellular [B] and DIC. The specific mechanism of foraminifer
calcification needs to be fully constrained in order to test hypotheses about [B] and DIC
regulation within the cell. We finally note that all culture data relationships measured
to date show a non-zero intercept (Figure S4), which further suggests that ionic regula-
tion of the calcifying environment is necessary to explain the relationships we observe in
92
foraminifera.
Implications for Paleocene B/Ca Calibrations and their Application to
Past Ocean Acidification Events
By identifying a unifying behavior of B/Ca between modern cultured species, we increase
confidence in our ability to apply modern calibrations to now extinct species. As shown
above, normalizing each species’ “Paleocene” B/Ca to the corresponding “ambient” B/Ca
values yields consistent trends (Figure 3.5B, hereafter referred to as the “normalized cal-
ibration”). Furthermore, the “Paleocene” calibration is more sensitive than the “modern”
one (Figure 3.5B), implying that the unified B/Ca systematics also apply at low Mg/Casw,
and that the more sensitive proxy relationship can explain a greater proportion of the
PETM B/Ca excursion.
Why does “Paleocene” seawater chemistry increase the calibration sensitivity? In
section 4.4, we concluded that pH regulation of the calcifying space is possible, with the
qualification that each foraminifer species must up-regulate pH to the same, constant
degree to observe the same normalized B/Ca-[B(OH)4-/DIC] relationships. Haynes et al.
(2017) suggest that low Mg/Casw reduces the requirements for pH up-regulation (i.e. pro-
ton pumping) to promote calcification. BecauseMg2+ is an inhibitor for calcite growth and
Mg2+ removal is costly for the foraminifer cell (Zeebe and Sanyal 2002), it follows that the
lower barrier to calcification in low [Mg2+] seawater requires less pH up-regulation of
the calcifying environment. When pH up-regulation is lower overall, the sensitivity of
normalized cellular [B(OH)4-/DIC] versus seawater [B(OH)4-/DIC] is increased and has a
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more linear form (Figure 3.5D). The linearity and increased sensitivity of normalized “Pa-
leocene” B/Ca to [B(OH)4-/DIC] relationships in both O. universa and T. sacculifer (Figure
3.5B) therefore support the idea that pH regulation may be non-existent under these con-
ditions.
The fact thatO. universa and T. sacculifer show the same normalized sensitivity of B/Ca
to [B(OH)4-/DIC] (Figure 3.5B) leads us to suggest that B/Ca records from now-extinct
species can be interpreted based on the relative change in B/Ca that is measured across
an event, defined by the normalized B/Ca calibration from these two modern species. The
pre-PETM B/Ca value can be assumed to have a normalized value of 1, and the relative
decrease in B/Ca can be translated into the corresponding decrease in the [B(OH)4-/DIC]
ratio. We will use this approach to calculate seawater DIC changes across the PETM in a
subsequent manuscript.
3.5 Conclusions
We have conducted culture experiments in the planktic foraminifera T. sacculifer and G.
ruber to test how simulated Paleocene seawater chemistry affects B/Ca proxy relation-
ships to pH and Dissolved Inorganic Carbon (DIC). Saturation state effects driven by in-
creased [Ca] do not affect or compromise the B/Ca proxy. Foraminiferal B/Ca decreases
consistently with decreased seawater [B]T, and we surmise that the modern foraminifer
species T. sacculifer and O. universa are suitable analogs for Paleocene species in terms
of B/Ca content. Similar to a previous study in O. universa, B/Ca responds to pH and
DIC with a more sensitive slope in low Mg/Casw. We propose a unifying control on the
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B/Ca proxy to explain the variable sensitivity of B/Ca to pH in different species, whereby
each species modifies boron or DIC concentration in their calcifying environment to vary-
ing degrees. Based on the consistent slope of our normalized carbonate chemistry-B/Ca
relationships, we propose a multi-species calibration framework that will be used in a
subsequent paper to estimate seawater DIC across carbon system perturbations in the
Paleocene and Eocene eras.
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Chapter 4
Paleocene-Eocene Perturbation to the
Oceanic Dissolved Inorganic Carbon
Reservoir Supports Contributions from
Volcanic Carbon
Abstract
The Paleocene-Eocene Thermal Maximum (PETM, 55.6 Ma) was a geologically rapid car-
bon release event that is often recognized as the closest natural analog to anthropogenic
CO2 emissions and global warming. Recentwork has used boron-based proxies in planktic
foraminifera to characterize the extent of surface ocean acidification that occurred during
the event, adding new constraints on the nature of carbon release. However, quantita-
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tive reconstructions have so far been limited to seawater pH only, which provides an
incomplete constraint on the evolution of the oceanic carbon inventory. Here we apply
new culture calibrations for the B/Ca proxy in planktic foraminifera and use them to cal-
culate relative changes in seawater dissolved inorganic carbon concentration (DIC). We
re-interpret a previously published B/Ca record and surmise that Pacific surface ocean
DIC increased by +1100+1415−646 µmol/kg during the peak-PETM. Making reasonable as-
sumptions for the pre-PETM oceanic DIC inventory, we provide the first fully data-driven
constraints on the carbon inventory perturbation and source carbon δ13C. Our reconstruc-
tion allows for a mean source carbon δ13C of -9‰ and a mean increase in the oceanic C
inventory of +14,700 PgC, implicating the dominant influence of carbon emissions from
volcanic eruptions in causing the PETM warming event.
4.1 Introduction
The Paleocene-Eocene Thermal Maximum (55.6 Ma) remains the closest geologic analog
for anthropogenic carbon release and warming. During the event, isotopically depleted
carbon was released into the surface ocean-atmosphere system, causing prolonged warm-
ing, ocean acidification, and changes to ocean circulation (Zachos et al. 2003, Zachos et
al. 2005, Penman et al. 2014,Thomas, Bralower, and Jones 2003). Some have suggested that
the PETM carbon release was a response to internal carbon cycle instabilities in a warmer
world, such as the release of methane clathrates from the deep ocean (Dickens et al. 1995)
or the oxidation of organic carbon in melting permafrost (Deconto et al. 2012). However,
past data-driven reconstructions of the carbon source have led to non-unique solutions
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for the source of PETM carbon. For example, interpretations of the δ13C excursion (Car-
bon Isotope Excursion, CIE) have been based on simple mixing models, constraining the
possible size(s) of carbon release assuming the δ13C of the source carbon (δ13Csource, McIn-
erney andWing 2011). Given that the potential sources of PETM carbon- such as methane
clathrates, oxidized organic carbon, and volcanic carbon emissions- all have distinct δ13C
signatures (-60, -22, and -6‰, respectively), the assumption of δ13C source leads to large
discrepancies in the amount of carbon released (McInerney and Wing 2011).
Recent reconstructions of the magnitude of ocean acidification using boron isotope
(δ11B) measurements of planktic foraminifera in marine sediments have added one crucial
carbon system constraint across the PETM (Penman et al. 2014, Babila et al. 2018, Gut-
jahr et al. 2017). Experiments using the cGENIE Earth System model have paired these
surface seawater-pH records with planktic foraminiferal δ13C to infer the carbon source
and amount (Gutjahr et al. 2017). These estimates suggest that 10,000 Petagrams of car-
bon (PgC) were released with a source δ13C of -11 to -17‰, invoking large contributions
from volcanism, possibly associated with the emplacement of the North Atlantic Igneous
Province (NAIP, Dickson et al. 2015, Storey, Duncan, and Swisher 2007) However, quan-
titative inferences on the surface ocean carbon reservoir and surface ocean pCO2 require
a second parameter of the ocean carbon system (Zeebe and Wolf-Gladrow 2001), which
has not been available before now.
Recent advances in our understanding of the boron/calcium ratio (B/Ca) of
foraminiferal calcite provide an opportunity to directly quantify a second parameter of
the ocean carbon system (Haynes et al. under revision). Laboratory culture studies estab-
lished that planktic foraminiferal B/Ca is controlled by the seawater borate [B(OH)4-/DIC]
99
ratio, where [B(OH)4-] is controlled by pH and DIC by biogeochemical carbon cycle dy-
namics (Haynes et al. 2017, Haynes et al. under revision, Allen et al. 2012). With reduced
pH and increased DIC, B/Ca should have declined across the PETM, and this is what has
been observed in sediment records from geographically disparate locations (Penman et
al. 2014, Babila et al. 2018). Moreover, even with comparable B/Ca decreases having been
observed (Babila et al. 2018), these records have escaped quantitative interpretation be-
cause the use of culture calibrations from modern foraminifera has led to predictions of
negative [B(OH)4-/DIC] ratios at the peak-PETM (Babila et al. 2016). Barring other infor-
mation, it could not be excluded that these B/Ca excursions may have been amplified and
be biased by diagenesis or by reduced photosymbiont activity (Penman et al. 2014).
New culture studies show that B/Ca is less sensitive to [B(OH)4-/DIC] variation in
modern seawater than simulated Paleocene seawater chemistry, which has lower seawa-
ter Mg/Ca and lower total boron concentration ([B]T, Haynes et al. 2017, under revision).
Specifically, In two modern foraminifera species, T. sacculifer and O. universa, the sen-
sitivity of B/Ca to [B(OH)4-/DIC] increases under “Paleocene” seawater chemistry. Fur-
thermore, B/Ca in both species responds to [B(OH)4-/DIC] with the same normalized sen-
sitivity (Methods, Fig. S1), increasing confidence in applying these calibrations to records
from now-extinct species (Haynes et al. under revision). Combining [B(OH)4-] estimates
from δ11B-derived pH estimates with B/Ca records, these new calibrations present an op-
portunity to deconvolve pH and DIC contributions to B/Ca and quantitatively reconstruct
the PETM DIC excursion (Haynes et al. 2017).
We apply this new calibration framework to a previously published B/Ca record from
the now extinct symbiont-bearing Paleocene foraminifer speciesMorozovella velascoensis
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(Penman et al. 2014). To do this, we normalize the PETM B/Ca excursion to the average
pre-PETM B/Ca value ofM. velascoensis, and combine with [B(OH)4-] estimates from δ11B
(Penman et al. 2014). By making reasonable assumptions about the pre-PETM surface
ocean DIC value, the [B(OH)4-/DIC] excursion can be translated into a relative change in





PETM surface ocean DIC would have been influenced by the size and duration of carbon
release, the amount of CaCO3 dissolved from sediments, and the strength and timescale
of response of the chemical weathering feedback, which increases DIC by adding HCO3-
(Penman et al. 2016). In this way, reconstructions of the magnitude and timing of DIC
change across hyperthermals can provide a new constraint on the size, source, and fate
of carbon released during those events.
4.2 Results
Reconstructed DIC Change Across the PETM
For our DIC reconstruction we use previously published B/Ca and δ11B data from ODP
Site 1209, situated in the North Pacific (Penman et al. 2014) (Fig. 4.1 A-B).Whereas further
B/Ca and δ11B records have been published in recent years (Gutjahr et al. 2017, Babila et
al. 2016, 2018), we have chosen the paired B/Ca-δ11B data from Site 1209 for this analysis
as this record provides the highest resolution for both proxies published to date, avoiding
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age model biases between cores.
The resulting reconstructed DIC excursion (ΔDIC), including 95% confidence bounds,
suggests an immediate (5-6 kyr post-CIE) Pacific surface ocean DIC increase of
+1100+1415−646 µmol/kg above the imposed baseline of 1760 µmol/kg (Fig. 4.1D). DIC remains
elevated for 40 kyr and then decreases, prior to a second smaller increase at around 150
kyr post-CIE. The structure of the DIC excursion depends on both δ11B-derived pH and
measured B/Ca. In comparing both proxy records, it is clear that B/Ca recovers more
rapidly than δ11B and that sustained low pH leads to the decrease in DIC 40 kyr post-
CIE (Fig. 4.1A-B, D). Furthermore, the ultimate pH recovery at relatively constant B/Ca
drives a secondary DIC increase at 150 kyr post-CIE. Reasonable assumed uncertainty
on temperature, salinity, pre-event pH and DIC, and seawater [B] concentration do not
significantly affect our conclusions within 95% uncertainty bounds (Fig. S2).
Reconstructing the Oceanic DIC Inventory
Although the reconstructed surface oceanDIC anomaly is derived from only one sediment
core site, we would argue it applies to the entire ocean volume. Firstly, elevated surface
ocean DICwas sustained for 40 kyr (Fig. 4.1), whichwould require only several full-ocean
mixings to equilibrate DIC between the surface and deep ocean over this time frame.
Indeed, modeled surface and deep ocean DIC excursions change in tandem in simulations
using both of the Earth System models cGENIE and LOSCAR across the 0-40kyr post-CIE
timescale (Zeebe, Zachos, and Dickens 2009, Gutjahr et al. 2017) (Fig. S3), indicating this
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Figure 4.1: Input records and reconstructed seawater DIC FromODP Site 1209. The shaded
region denotes the peak-PETM interval (as defined by Penman et al. 2014). [B(OH)4-]
was calculated in Co2sys.m using the pH record of Penman et al. (2014), assuming a
starting pH of 7.8 (ref. 20, see Methods). Measured normalized B/Ca is shown in open
circles, whereas the 5-pt running mean of normalized B/Ca is shown in diamonds. Shaded
regions on reconstructed DIC denote 95% confidence intervals, derived from uncertainties
on calculated [B(OH)4-], normalized B/Ca, and calibration slope.
103
CO32-, surface ocean DIC is a conservative quantity that, in a closed system, does not
depend on temperature such that local influences will not significantly modify the large
magnitude change that we observe.
To calculate the total increase in the oceanic DIC inventory, we multiply our ΔDIC by
the total Paleocene ocean volume (Zeebe 2012b, see Methods). We estimate the oceanic C
reservoir increased by at least +6,300 PgC by 5-6kyr post-CIE, with a best estimate value
of +16,000 PgC (Fig. 4.1E).These estimates do not necessarily reflect the total PgC released
during the event, because sedimentation and organic carbon burial would have removed
some C at each time point. Furthermore, some of the added DIC will be due to dissolu-
tion of carbonate sediments (Komar and Zeebe 2011). However, weathering of rocks on
land requires tens of thousands of years to sequester significant amounts of C, and any
organic or sedimentary carbon burial that occurred during the peak-PETMwould remove
DIC from the surface ocean (Ma et al. 2014), instead causing us to under-estimate the DIC
inventory change. By contrast, dissolution of the entire estimated available CaCO3 sedi-
ment reservoir (Komar and Zeebe 2011) could have added a maximum of 1300 PgC (in the
form of CO32-) to the total ocean C inventory (Methods). If we include this high value for
CaCO3 dissolution, our estimates reduce to a minimum 5,000 PgC increase in the oceanic
C reservoir from exogenic sources, with a mean estimated increase of 14,700 PgC.
Constraints on δ13Csource
Taking our reconstructed DIC excursion and estimated change in the ocean DIC reservoir,
we use a planktic δ13C record also from ODP Site 1209 to constrain the δ13C of added DIC
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We estimate the δ13C of DIC (δ13Cpeak-PETM) using the planktic M. velascoensis δ13C record
from Site 1209 (Zachos et al. 2003, Fig. 4.2A), which records a surface ocean CIE of -
3.25‰. We apply a vital effect correction on the entire δ13C M. velascoensis record of
-2‰ given this species’ hypothesized photosymbiont association and therefore elevated
shell δ13C (D’Hondt, Zachos, and Schultz 1994). Corresponding pre-PETM δ13C is 1.84‰
and decreases to -1.4‰ (Table S2). A larger or smaller vital effect (-3 or -1‰) affects our
reconstructed δ13Csource by ±1‰, which is insignificant relative to the potential C sources
(i.e. -5‰ for volcanic CO2, -22‰ for organic carbon or -60‰ for methane, Fig. S4, see
Supplementary Discussion). Finally, we determine the size of the DIC inventory of the
pre-PETM ocean (DICinitial) by utilizing a starting surface ocean DIC of 1760 µmol/kg (as
in our reconstructions above) and a surface-deep DIC gradient of 240 µmol/kg (Gutjahr
et al. 2017). We then translate these concentrations into the pre-PETM DIC inventory
using acceptable estimates for the total ocean surface area, mixed layer depth, and total
ocean volume (Methods).
The average δ13Csource for the first peak-PETM time point is calculated by averaging the
three boron proxy data points measured at 5-6 kyr post-CIE (Fig. 4.2B). As already noted,
surface ocean DIC at this time inevitably comprises a mixture of carbon from the external
carbon source as well as dissolved seafloor CaCO3, causing an over-estimate of δ13Csource.
In order to constrain the influence of seafloor CaCO3 dissolution on δ13Cpeak-PETM, we
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calculate its maximum influence based on total dissolution of the available CaCO3 reser-
voir (11.2 x 1019 g CaCO3, Komar and Zeebe 2011). Assuming a CaCO3 δ13C of +2‰
(Zeebe 2012a), the largest feasible influence of dissolved CaCO3 on themean reconstructed
δ13Csource is only +0.72‰. Including this maximum contribution from dissolved seafloor
carbonate, our analysis yields a mean source δ13C estimate of -9‰, with a maximum of
-4‰ and a minimum of -22‰ (95% confidence intervals, Fig. 4.2B). Not including a CaCO3
contribution brackets the mean source δ13Csource at -8.1‰, with a maximum of -4.1‰ and
minimum of -18.1‰ (Table S2).
4.3 Discussion
Implications for Carbon Release
A mean δ13Csource of -9‰ and a mean reconstructed increase in the oceanic DIC reser-
voir of >10,000 PgC implies a significant contribution of volcanic carbon emissions to
the peak-PETM surface ocean CIE (δ13Csource = -6‰), with possible C addition from other
sources with more negative δ13C. Estimates of the size of the C reservoir associated with
NAIP volcanism extend up to 60,000 PgC (Gutjahr et al. 2017), providing an ample carbon
source reservoir for our reconstructedmean scenario. A recent study implicated increased
oxidation of fossil organic carbon as an additional source of CO2 during the peak-PETM
interval, contributing to the extension of the CIE (Lyons et al. 2019). Given an organic
carbon δ13C of -22‰, a peak-PETM δ13Csource of -9‰ allows a mean organic carbon con-
tribution of 17% by mass by 5-6 kyr post-CIE (Table S2). Reconstructions of fossil organic
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matter oxidation allow up to 10,000 PgC release from sedimentary sources during the
peak-PETM (Lyons et al. 2019), easily accounting for a possible 17% or greater mass con-
tribution to the peak-PETM oceanic C reservoir. Consequently, our analysis supports the
notion that methane clathrate release catalyzed by PETM warming could have only con-

































Figure 4.2: Reconstructed δ13Csource DIC across the peak-PETM interval. In the top panel,
we show the input δ13C record used as the carbon isotope excursion from Site 1209 (Za-
chos et al. 2003). δ13C data have been interpolated to δtexsuperscript11B time-points
(filled diamonds). Below, we show calculated δ13Csource given the DIC excursion shown in
Fig. 4.1D. We show here the results in which we include the maximum possible contribu-
tion of dissolved sedimentary CaCO3 to δ13Csource (Table S2). 95% confidence bounds are
shown in dashed grey lines. Finally, the scenario in which a pulse of isotopically heavy
alkalinity influences δ13Csource is plotted in red.
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Solving the Carbon System at the PETM
Combining our B/Ca-DIC reconstruction with pH from δ11B, we now command two pa-
rameters that can be used to calculate the full carbon system solution implied by deep-time
boron-based proxy records. However, this calculation is somewhat circular because pH
enters the calculation twice, once as a stand-alone carbon system parameter, and once
to estimate [B(OH)4-] in the B/Ca to DIC translation (Fig. S5). The following carbonate
system calculations therefore need to be evaluated with caution, and we do not use our
reconstructed pCO2 trajectory to infer e.g. climate sensitivity estimates. Instead, these
preliminary calculations serve to evaluate the general magnitude of the carbon system
changes that our reconstruction implies.
Clear targets of interest are to determine how surface ocean calcite saturation (Ωcalcite)
and surface ocean pCO2 changed across the peak-PETM.The degree of Ωcalcite change that
occurs during ocean acidification will ultimately depend on the timescale over which car-
bon is released. On these short geologic timescales (i.e. assuming no changes to seawater
[Ca2+], Komar and Zeebe 2011), Ωcalcite will be controlled by seawater [CO32-]. If carbon is
released slowly, and dissolution and weathering feedbacks have time to restore [CO32-],
then surface ocean saturation changes will be lessened. Conversely, given a more rapid
injection of CO2, [CO32-] restoration feedbacks will not act quickly enough and surface
ocean saturation will sharply decrease, as is projected for 21st century carbon release
(Hönisch et al. 2012, Zeebe 2012a).
Pairing pH (from δ11B) with DIC (from B/Ca) predicts a mean scenario in which re-
constructed Ωcalcite does not show a systematic pattern of increase or decrease across the
108
peak-PETM, although we note the variability and uncertainty on Ωcalcite is quite large (Fig.
4.3B). Surface ocean pCO2 increases from an imposed baseline of 660 ppm to 2255+1183−714
ppm, equating to 1.7+0.9−0.8 doublings of pCO2. 95% confidence intervals on reconstructed
parameters were calculated via Monte Carlo simulation of errors on pH and DIC in the
CO2sys.m calculation (N=1,000, Methods). At the upper bound of uncertainty, the δ11B-
derived pH trajectory paired with extremely high DIC predicts a large increase in surface
ocean saturation. We therefore surmise that reconstructions at this upper-most level are
likely not realistic scenarios for PETM C-release and do not consider the upper bound of
our reconstructed DIC excursion as feasible (i.e. a 45,000 PgC oceanic carbon inventory
increase). These high upper error estimates are likely due to the compounding of errors at
very low [B(OH)4-/DIC], as the calculation is a reciprocal function that begins to approach
the asymptote at normalized B/Ca = 0.40 (Fig. S6).
A relatively muted calcite saturation response implies that significant contributions
from seafloor CaCO3 dissolution, CaCO3 weathering, or silicate weathering restored sur-
face ocean CO32- and alkalinity (Hönisch et al. 2012, Zeebe 2012b). Given the long
timescales over which silicate weathering occurs (Zeebe 2012b), CaCO3 dissolution and
weathering are the most likely sources of this alkalinity. Indeed, our mean reconstruction
predicts a large increase in alkalinity across the event of 613 µmol/kg (Fig. 4.3D, Table
S1). Above, we estimated the maximum possible contribution of seafloor CaCO3 dissolu-
tion to DIC as 1300 PgC, which corresponds to only an alkalinity increase of 154 µmol/kg.
While the uncertainties reconstructed carbon system parameters are large, an input of
isotopically heavy DIC from alkalinity ( 2‰) may have implications for our reconstructed
δ13Csource and therefore should be fully explored.
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Figure 4.3: Calculated Carbon system Parameters and Comparison to Earth SystemModel
Results for the PETM. Boron proxy-based reconstructions are shown compared to the
results from earth system model runs using the model cGENIE (Gutjahr et al. 2017, red).
Using pH and DIC records we calculate surface ocean calcium carbonate saturation state
(Ωcalcite), pCO2, and alkalinity.
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We test the possible influence of this increased alkalinity scenario for our recon-
structed δ13Csource by following the basic assumption that CaCO3 dissolution (or CaCO3
weathering) will increase ocean alkalinity and DIC in a 2:1 ratio (Zeebe andWolf-Gladrow
2001). Given an alkalinity increase of 613 µmol/kg, the mean contribution of alkalinity-
derived DIC at the peak-PETM is 307 µmol/kg. If we translate this to the whole-ocean
volume as above and assume a δ13CALK of 2‰ (Zeebe 2012a, Methods), we find a mean
δ13Csource of -16‰ (Fig. 4.2), closer to the δ13C of organic carbon (-22‰) but still implying
a volcanic contribution to δ13Csource.
Comparison to Earth System Model Scenarios
Earth system models such as cGENIE and LOSCAR have proven to be vital tools for test-
ing the feasibility and maximum likelihood of PETM carbon release scenarios (Gutjahr et
al. 2017, Zeebe et al. 2009, Zeebe 2012a, Turner and Ridgwell 2016) and therefore serve
as a useful comparison for understanding the processes controlling the timing and mag-
nitude of reconstructed ocean DIC change. Particularly illuminating is the comparison
to a recent cGENIE model scenario that used δ11B-derived pH and planktic δ13C recon-
structions as required constraints for determining the size and duration of PETM carbon
release (Gutjahr et al. 2017). The authors constrain the PETM carbon pulse to be on the
order of 10,000 PgC over a total release interval of 50 kyr, with an estimated δ13C-source
of -11‰. Our study supports the primary finding of this pH record- modeling approach
that volcanic emissions likely significantly contributed to the PETM warming event.
However, our reconstruction suggests a significantly larger DIC increase, correspond-
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ing to a slightly higher mean δ13Csource estimate (-9‰). In addition, our reconstructed DIC
also has a much faster onset time (Fig. 4.3A); the +16,000 PgC increase is manifested at
the first peak-PETM time points (5-6 kyr post-CIE, Fig. 4.1). The longer carbon release in-
terval of 50 kyr used in the cGENIE model simulation allows the carbonate compensation
depth (CCD) response to be relatively muted, consistent with the observed magnitude
of CCD shoaling. Taking the accepted age model for Site 1209 at face value, this would
indicate that the large C pulse entered the ocean-atmosphere system more quickly than
suggested by the previously modeled volcanic release scenario, possibly including signif-
icant proportions from alkalinity. The carbon release scenario implied by our reconstruc-
tion can be reconciled with the model scenario if the Site 1209 record is truncated more
than previously estimated (Penman et al. 2014). In fact, recent work suggests peak-PETM
M. velascoensis specimens from Site 1209, may be sourced from somewhat younger sedi-
ments due to fine fraction winnowing during the peak-PETM phase (Bralower et al. 2014).
Therefore, it is feasible that the first peak-PETM boron-proxy data time point from Site
1209 is younger than previously estimated (5-6kyr, Penman et al. 2014). Conversely, if the
Site 1209 age model does accurately reflect the PETM timescale, a large, fast carbon in-
jection would violate constraints set by the relatively muted response of the CCD (Zeebe
et al. 2005, Stap et al. 2009, Zeebe and Zachos 2007). In this case, a rapid DIC increase
during onset could instead indicate a higher flux of alkalinity to the ocean than previ-
ously estimated. While supported by our mean carbonate system reconstruction, this




Whilewe cannot constrain themaximum rate of DIC input in this study due to the dissolu-
tion that truncates oceanic sedimentary records (Bralower et al. 2014), a recent constraint
suggests that the PETM carbon release occurred over at least 4kyr (Zeebe, Ridgwell, and
Zachos 2016). Assuming that the entire increase in the oceanic carbon inventory we
reconstruct here (+5,000 to 14,700 PgC, assuming maximum contributions from CaCO3
dissolution) occurred over this minimum 4kyr time window, this would suggest carbon
release rate of 1.3-3.7 PgC/yr, much slower than that of modern anthropogenic carbon
release (10 PgC/yr). Whereas our reconstruction therefore supports the consensus that
the PETM is not a perfect analog for anthropogenic climate change, large carbon input
scenarios like the one we reconstruct here should be considered in order to understand
the corresponding biotic and environmental response of the Earth system to the PETM.
4.4 Methods
Normalized B/Ca- [B(OH)4-/DIC] calibration
The calibration framework for B/Ca versus [B(OH)4-/DIC] laid out by Haynes et al. (under
revision) shows that when B/Ca data from two modern foraminifer species- O. universa
and T. sacculifer- are normalized to each species’ B/Ca value at the same correspond-
ing [B(OH)4-/DIC], both species show the same relative sensitivity to [B(OH)4-/DIC] (Fig.
S1A-B).We use this dual-species calibration to calculate relative changes in [B(OH)4-/DIC]
across the PETM, deviating from a set pre-event value, by using the fractional change in
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B/Ca that is recorded across this event. Pre-PETM [B(OH)4-/DIC]=0.037 is set by making
reasonable assumptions about pre-event [B(OH)4-] (calculated from pH=7.818) and DIC=
1760 µmol/kg (Gutjahr et al. 2017). The B/Ca record from ODP Site 1209 (Penman et al.
2014) is then normalized by dividing by the pre-event B/Ca value (69.5 µmol/mol); at the
peak-PETM, B/Ca decreases by 40% (Fig. 4.1B). In order to scale the “normalized” B/Ca
calibration for application to this specific record, the B/Ca culture data from O. universa
and T. sacculifer are then normalized to their species’ relevant B/Ca value by dividing by
each species’ B/Ca value at [B(OH)4-/DIC] = 0.037 (Fig. S1B-C). Because we do not have
a B/Ca culture data point at [B(OH)4-/DIC] = 0.037 in our calibration, we interpolate be-
tween our Paleocene culture data to define this normalization value for each species (grey
boxes, Fig. S1A).
DIC Reconstruction and Associated 2σ Uncertainties
All data analysis was conducted inMATLAB. To calculate relative DIC changes from B/Ca
records, we need to constrain B/Ca and [B(OH)4-] from δ11B-derived pH reconstructions
at the same time points. We decide to smooth the B/Ca record for accurate comparison
to the much lower-resolution δ11B record. To smooth the B/Ca record, we firstly created
a 5-point running mean of measured B/Ca values in M. velascoensis (Penman et al. 2014,
Fig. 4.1B, Table S1). Where multiple measurements were made at a single time point,
measurements from that time point were averaged before creating the running mean. To
preserve the CIE magnitude from averaging, we created two sections of the running mean
before and after the onset of the CIE. The standard error (2*S.E.) on each 5-point running
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mean B/Ca value was estimated as:
2S.E. = 2/√N (4.3)
Where σ represents the standard deviation of the five measurements used in each
mean point and N=5. However, B/Ca and δ11B were not often measured on the same
samples. To find the B/Ca value corresponding to δ11B time points, we linearly interpo-
lated between the two nearest values on our running mean B/Ca curve (Fig. 4.1B). The
resultant standard error (2 S.E.) on this value was calculated by averaging the standard
errors of the interpolated values. The errors on interpolated B/Ca values range from 3-9
µmol/mol (Table S1). We note that B/Ca smoothing has the greatest influence and there-
fore results in the largest B/Ca uncertainties during the recovery period, where the spread
in measured B/Ca is much larger than either the pre- or peak- PETM time intervals (Fig.
4.1B, Table S1).
In order to calculate relative DIC change, multiple input parameters in addition to
δ11B and B/Ca records are needed. To solve equation 1, we must firstly calculate seawater
[B(OH)4-]. Boron isotopemeasurements from Site 1209 have been translated into seawater
pH making reasonable assumptions for the pre-PETM pH value (7.8 or 7.67, Zeebe et al.
2009, Panchuk, Ridgwell, and Kump 2008). We use here the pre-PETM case of pH=7.8,
noting that choosing a lower pH of 7.67 does not significantly affect our reconstruction
(Fig. S2). Other inputs into this calculation included the estimated T and S excursions of
Penman et al. (2014), where T increases from 30 to 35 ℃ during peak-PETMwarming and
S increases from 37 to 38.5‰ (Table S1). In addition, major seawater ionic composition is
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defined as [Ca]=2.0x, [Mg]=0.6x, and [B]T=0.9x the modern concentration (Lowenstein,
Kendall, and Anbar 2013, Lemarchand et al. 2000, where modern values are 10.3 mmol/kg,
52.8mmol/kg, and 432.6 µmol/kg, respectively, at S=35). [B(OH)4-] is then calculated using
the CO2SYS.m program (Fig. 4.1A, Table S1, Methods).
In order to find relative DIC change, we also need to assume a pre-PETM DIC value.
We use a pre-PETM DIC=1760 µmol/kg, the value estimated by earth system modeling
in cGENIE (Gutjahr et al. 2017), which compares to 2000 µmol/kg in the modern ocean.
To estimate the relative size of the B/Ca excursion, we normalize the B/Ca record to the
pre-PETM B/Ca value (69.5 µmol/mol, Fig. 4.1B). Finally, we solve for DIC at each data
point using Equation (1).
Uncertainty on reconstructed DIC includes contributions from calibration slope, B/Ca
analytical uncertainty, and [B(OH)4- ] (see uncertainties on each parameter in Table S1)].
Uncertainties on [B(OH)4-] were determined by running pH ± 2σ uncertainties through
the CO2sys.m script, noting these uncertainties are asymmetrical with the lower pH error
being larger and propagating to give a larger uncertainty on the lower bound of recon-
structed DIC. Uncertainty arising from the calibration slope was determined by generat-
ing least squares linear fits of our normalized B/Ca calibration with uncertainty in x and
y using the Yorkfit function in MATLAB (Fig. S1). For each simulated slope value, we
scale the intercept to pass through the determined pre-PETM condition (i.e. normalized
B/Ca=1, [B(OH)4-/DIC] = 0.037, Fig. S1C). To find the uncertainty on the normalized B/Ca
change across the PETM, we conducted an error propagation including the 2*S.E. on mea-
sured M. velascoensis pre-PETM B/Ca (i.e. ± 2.8 µmol/mol, N=17) and the uncertainty on
each data point in the running mean of measured B/Ca (Table S1).
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Resultant uncertainty on reconstructed DIC was determined by Monte Carlo error
propagation based on 10,000 simulations of DIC using normally distributed variables of
input [B(OH)4-], calibration slope, and normalized B/Ca. Because [B(OH)4-] errors are
asymmetrical, we conducted two simulations using vectors of [B(OH)4-] that were nor-
mally distributed with a standard deviation corresponding to either the upper or lower
[B(OH)4-] uncertainty. Calculated DIC from each Monte Carlo simulation has a non-
normal distribution that is skewed towards higher values because our DIC calculation is
a reciprocal function (Fig. S6). In order to find upper and lower 95% uncertainty bounds,
we calculated the 2.5% and 97.5% percentiles of DIC values from the Monte Carlo simula-
tions including the lower and upper pH-derived B(OH)4- uncertainties, respectively.
Calculating δ13Csource and the Oceanic C Inventory
We use our reconstructed surface ocean DIC concentrations (in µmol/kg) to find the total
pre- and peak-PETMoceanic DIC reservoir size. Pre-PETM surface oceanDIC is estimated
at 1760 µmol/kg, whereas deep-sea DIC is set at 2020 µmol/kg (Gutjahr et al. 2017). We
assume a mixed layer depth of 100 m, a whole-ocean surface area of 3.49 x 1014 m2 and
a volume of 1.29 x 1018 m3 (Komar and Zeebe 2011). We calculate the corresponding
mass of the surface and deep ocean DIC reservoirs in grams assuming the respective DIC
concentrations noted above as well as the density of seawater (1.02 x 106 g/m3).
Surface ocean DIC (g) = (100 m) x (3.49 x 102) x (1.76 x 10-6 mol/g) x (1.02 x 106 g/m3)
Deep Ocean DIC (g) = [(1.29 x 1018 m3)-(100 m) x (3.49 x1014 m2)] x (2.02 x 10-6 mol/g) x (1.02 x
106 g/m3)
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Total Ocean DIC (g) = Surface Ocean DIC + Deep-Ocean DIC
In order to calculate the increase in the size of the whole oceanic carbon reservoir, we
assume our reconstructed surface ocean DIC excursion applies to the entire ocean volume
(see main text). According to our PETM DIC reconstruction we calculate the %mass of
DIC composed of C based on the percentages of CO32-, HCO3-, and CO2 that make up DIC
at each time step. Our analysis suggests that DIC under these conditions is composed of
20% C by mass, which does not vary across our reconstruction (Table S1). We use this
wt% to translate the increase in the DIC reservoir (in moles) into PgC.
We utilize the sedimentary CaCO3 inventory estimate of Komar and Zeebe (2011) to
determine the maximum contribution of CaCO3 dissolution to seawater δ13C and the car-
bon inventory during the peak-PETM (1.1 x 1019 g CaCO3). Given CaCO3 is 12% C by
weight, this corresponds to a maximum possible 1344 PgC contribution from CaCO3 dis-
solution, which compares to a predicted total mean increase of 16,000 PgC from our DIC
reconstruction. The corresponding possible contribution of CO32- from dissolved CaCO3
to DIC has a mass of 3.36 x 1018 g. Assuming the CaCO3 reservoir has an isotopic compo-
sition of 2‰ (Zeebe 2012a), we calculate that CaCO3 dissolution can produce at maximum
a 0.72‰ increase in estimated δ13Csource at the 5-6kyr peak-PETM time interval.
Surface Ocean Ωcalcite, pCO2, Alkalinity, and Resultant Uncertainties
We paired δ11B-derived pH estimates with our DIC reconstruction to calculate the full
carbon system, including Ωcalcite, alkalinity, and pCO2, using the CO2sys.m script. We as-
sume the same T and S excursions and the same [Ca], [Mg] and [B]T as above. Given a
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pre-PETM pH of 7.8 and a DIC of 1760 µmol/kg, pre-PETM pCO2 is 660 ppm (Fig. 4.3C),
which is similar to the absolute pCO2 value suggested by Eocene terrestrial stomatal
proxy-derived estimates (6161100352 ppm, Kowalczyk et al. 2018) but lower than estimates
commonly used in Earth system models (750-1000 ppm, Gutjahr et al. 2017, Zeebe et al.
2009, Penman and Zachos 2018).
For the calculation of carbon system parameters, we tested the influence of using the
methods of both Zeebe and Tyrrell (2019) and Hain et al. (2015) to take into account the
influence of seawater [Ca] and [Mg] on the carbon system dissociation constants K1, K2,
and the calcite solubility product Ksp. Using the Zeebe and Tyrrell (2019) constants yields
overall lower Ωcalcite, but does not influence the magnitude of Ωcalcite change across the
event (Fig. S7). There is no appreciable difference between the two methodologies on
reconstructed carbonate alkalinity (Fig. S7). To find 95% confidence bounds on Ωcalcite, al-
kalinity, and pCO2, we conduct a Monte Carlo simulation of errors from input DIC and pH
(Table S1). Because the errors on reconstructed DIC are asymmetrical, we conducted one
simulation for each the upper and lower bound of DIC uncertainty to find the respective
97.5% and 2.5% uncertainty bounds. In order to test the potential influence of alkalin-
ity inputs to the ocean on reconstructed δ13Csource, we employ the basic assumption that
seafloor dissolution (or inputs from CaCO3 weathering) will increase alkalinity and DIC
in a 2:1 ratio (Zeebe andWolf-Gladrow 2012). We calculate the alkalinity increase implied
from our reconstruction by subtracting the average pre-PETM value from the average al-
kalinity at the peak-PETM time (5-6 kyr post-CIE), yielding an alkalinity increase of 613
µmol/kg and a corresponding alkalinity-derived DIC increase of 307 µmol/kg. We then
translate this DIC anomaly into the increase in the whole-ocean DIC inventory according
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to the assumed whole-ocean volume as above (1.29 x 1018 m3). The influence of alkalinity-
derived DIC on calculated δ13Csource is estimated using a revised mass balance equation
(c.f. equation 2):
δ13Csource =
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Chapter 5
Carbon system influences on the planktic
foraminiferal Mg/Ca proxy in low
seawater Mg/Ca
Abstract
Sea surface temperature reconstructions are vital components of past climate change re-
search, and foraminiferal Mg/Ca has proven a powerful paleothermometer for under-
taking such reconstructions. However, recent laboratory culture studies have provided
evidence that seawater pH and the total dissolved inorganic carbon content (DIC) both
exert a significant additional control on foraminiferal Mg/Ca, likely influencing paleotem-
perature records as a result of seawater chemistry evolution on geologic timescales. In
addition, the seawater Mg/Ca composition (Mg/Casw) has been shown to reduce the sen-
sitivity of foraminiferal Mg/Ca to temperature and possibly modulate its sensitivity to
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the carbonate system as well. Here we present new Mg/Ca data from laboratory culture
experiments with living planktic foraminifera - Globigerinoides ruber (pink), Trilobatus
sacculifer, and Orbulina universa - grown under variable pH and/or seawater DIC and in
low Mg/Casw. We also conducted targeted [Ca] experiments to help define Mg/Cacalcite-
Mg/Casw relationships for each species. We find that pH effects on foraminiferal Mg/Ca
are significantly reduced or absent at Mg/Casw=1.5 mol/mol in all three species, and that
T. sacculifer is generally insensitive to variable DIC and pH. We explore the range of in-
fluences that these carbonate chemistry effects exert on Mg/Ca reconstructions across the
Cenozoic, and investigate the influence of single-parameter controls on Mg/Ca in com-
parison to recently proposed calibration models that include multi-parameter controls of
the carbon system and Mg/Casw on Mg/Ca.
5.1 Introduction
Sea surface temperature reconstructions have drastically improved our understanding of
the Earth system’s temperature evolution in the geologic past. The well-documented de-
pendence of foraminiferal Mg/Ca on temperature has been widely utilized to reconstruct
ocean temperatures across key climate events ranging from the Holocene back to the Pa-
leocene (Rosenthal et al. 2017, Lear, Elderfield, and Wilson 2000, Zachos et al. 2003). For
instance, Mg/Ca records have also helped to quantify the abrupt warming that occurred
during Paleogene rapid warming events (“hyperthermals”, Zachos et al. 2003, etc.), pro-
viding constraints on the sensitivity of Earth’s temperature to a rapid injection of carbon
emissions.
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However, recent foraminifer culture studies have suggested that the application of the
Mg/Ca proxy is complicated by the fact that shell Mg/Ca responds to multiple parameters
besides temperature. For example, the sensitivity of Mg/Ca to temperature depends on
the Mg/Ca of seawater (Mg/Casw, Evans et al. 2016), which has nearly doubled over the
Cenozoic and varies on million-year timescales (Stanley and Hardie 1998, Evans et al.,
2017, Lowenstein et al. 2014). In addition, numerous culture studies have documented
that foraminiferal Mg/Ca responds to seawater carbonate chemistry parameters. Many
planktic species display an increase in foraminiferal Mg/Ca at low pH (Lea, Mashiotta,
and Spero 1999, Russell et al. 2004, Kısakürek et al. 2008, Evans et al. 2016, Allen et
al. 2016); furthermore, two recent studies have demonstrated that seawater dissolved
inorganic carbon content (DIC) increases shell Mg/Ca in the planktic species Orbulina
universa (Holland et al., in revision) and Trilobatus sacculifer (Allen et al. 2016). Finally,
culture studies have shown that Mg/Ca is also sensitive to salinity, although the influence
is much smaller (Kısakürek et al. 2008, Hönisch et al. 2013) than previously suggested
by coretop investigations (Mathien-Blard and Bassinot 2009, Arbuszewski et al. 2010).
Consequently, assuming that ancient species’ Mg/Ca systematics behaved similarly to
modern ones, Mg/Ca reconstructions during the distant past were most likely affected by
secular changes in Mg/Casw, pH, and DIC, as well as abrupt perturbations to pH and DIC
during ocean acidification events (Holland et al. in rev.).
Recent studies have sought to define and ultimately reduce the uncertainty on Mg/Ca
from non-thermal controls by generating multivariate models for downcore application
of the proxy (Gray et al. 2018, 2019, Holland et al. in rev.) Whereas Gray et al. (2018,
2019) focused their analysis on natural samples grown over a range of covarying envi-
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ronmental conditions, Holland et al. (in rev.) established a multi-parameter calibration
from a large matrix of culture experiments, investigating how Mg/Casw and carbonate
system variables interact to affect the sensitivity of Mg/Ca to temperature in the modern
planktic foraminifer species O. universa. The authors found that DIC exerts a significant
influence on O. universa Mg/Ca, whereas pH effects are minimal in their dataset, con-
trary to the findings of previous studies (Russell et al. 2004, Allen et al. 2016, Lea et
al. 1999, Spero et al. 2015). In addition, they found that each parameter does not simply
affect foraminiferal Mg/Ca in isolation, but that the interaction of parameters can signif-
icantly change the overall temperature sensitivity of Mg/Ca. As such, they define their




Where T(℃)=temperature, [Ca]=seawater calcium concentration (mol/kg),
DIC=dissolved inorganic carbon concentration (mol/kg), Mg/Casw = the seawater
Mg/Ca ratio (mol/mol), and A, B, C1, C2, and D are calibration coefficients. Holland et
al. (in rev.) also applied their new model to all previously published Mg/Ca culture data
measured in shells of the tropical sea surface dweller Globigerinoides ruber (white and
pink), and found that a similar model equation fits published G. ruber data if the DIC
term is replaced with CO32- (or H+). This differential paramaterization is because G. ruber
culture data of Evans et al. (2015) support a pH effect on Mg/Ca, whereas it remains
unknown whether DIC affects G. ruber Mg/Ca because variable DIC culture experiments
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Where H+ is in mol/kg, and all other parameters are the same as described in equation
5.1.
The fact that two modern, symbiont-bearing species present sensitivities to different
carbon system parameters (i.e. pH and DIC or CO32-) introduces an additional element
of uncertainty on the application of Mg/Ca calibrations to now-extinct fossil foraminifer
species. Given past changes to seawater carbonate chemistry, the implications of these
inter-species differences for past paleo-reconstructions need to be constrained in order to
establish accurate calibrations for interpreting records from now-extinct species.
The individual relationships that form the basis of these multi-parameter calibra-
tion equations also remain underconstrained, especially in the two chromotypes G. ruber
(white and pink) and T. sacculifer. For example, Mg/Casw-Mg/Cacalcite calibrations have
so far only been conducted in G. ruber (white) with updated culturing methods (previ-
ous work by Delaney et al. 1985 in T. sacculifer did not include an oxidative cleaning
step). Specifically for Paleogene reconstructions (including hyperthermal events), the re-
spective influences of isolated carbon system parameters such as pH and DIC need to
be tested at very low “Paleocene” Mg/Casw (i.e., 1.5 mol/mol, Lowenstein et al. 2014).
Evans et al. (2015) argued that low Mg/Ca does not affect the Mg/Ca-pH sensitivity in
G. ruber (white), but their assertion was based on only one data point at Mg/Casw=3.4
mol/mol, which is associated with large analytical pH uncertainties. The only controlled
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carbonate chemistry experiments conducted under low Mg/Casw to date are DIC experi-
ments with O. universa, which show an increase in Mg/Ca with increasing DIC (Holland
et al. in rev.). For a full understanding on the possible carbonate system controls on early
Cenozoic foraminifer records, controlled pH experiments conducted in low Mg/Casw are
necessary, and Mg/Ca-carbonate chemistry relationships in low Mg/Casw also need to be
established for planktic species other than O. universa.
Here we present the results of a set of culture experiments where we evaluate the
influence of low Mg/Casw on the sensitivity of foraminiferal Mg/Ca to carbonate system
parameters (pH and DIC). We firstly grew three species of modern, symbiont-bearing
planktic foraminifera - O. universa, G. ruber (pink), and T. sacculifer - across a range of
seawater pH at an estimated Paleocene seawater elemental composition that included 2x
higher [Ca], 0.6x lower [Mg] (Mg/Casw = 1.5) Lowenstein et al. 2014), and 0.9x lower [B]T
(Lemarchand et al. 2000). In addition, we grew T. sacculifer across a wide range of sea-
water DIC values to investigate whether DIC affects Mg/Ca under “Paleocene” seawater
chemistry, as was observed in O. universa (Holland et al. in rev.). Finally, we present new
Mg/Ca data from pH experiments conducted in modern seawater for the symbiont-barren
species G. bulloides, as well as targeted [Ca] experimental data in G. ruber, T. sacculifer
and O. universa. These data aim to add to our growing understanding of the inter-species
variability in the multi-parameter controls on Mg/Ca. We firstly compare our results to
all previously published Mg/Ca - carbonate chemistry culture data in order to constrain
the nature of carbonate chemistry effects in all species studied to date. Subsequently,
we investigate how our new data fit the multi-parameter calibration model proposed by
Holland et al. (in rev.), adding the key constraint of pH effects under low Mg/Casw in
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all three species, as well as DIC effects in T. sacculifer and [Ca] experiments in all three
species. We finally evaluate how inter-species variability in the response of Mg/Ca to
carbon system parameters may affect Mg/Ca-derived temperature reconstructions from
extinct species across the Cenozoic, as well as reviewing the outstanding uncertainties on
applying calibration models to extant species during intervals of lower Mg/Casw.
5.2 Methods
Culturing Methods
The results we present here are from culture experiments whose corresponding B/Ca val-
ues have been reported in Haynes et al. (2017) and Haynes et al. (under revision). Cultur-
ing experiments in simulated Paleocene seawater were carried out at theWrigley Institute
for Environmental Studies on Santa Catalina Island in the summer of 2013 (O. universa)
and at the Isla Magueyes Marine Science Laboratory in Puerto Rico in the spring of 2015
(G. ruber and T. sacculifer). We also include in our assessment Mg/Ca-pH data from cul-
tured G. bulloides, grown on Santa Catalina Island in 2013 in modern, filtered seawater
with variable pH.
Foraminifers were collected in open ocean waters 2km NNE of Santa Catalina Island
and 15 km offshore of Isla Magueyes at a water depth of 2-8 m. Directly after collection,
specimenswere identified to species level, their largest diameter wasmeasured using light
microscopes, and specimens were then transferred into culture jars filled with the respec-
tive experimental seawater. Culture jars were then sealed with Parafilm® and tight-fitting
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lids in order to limit CO2 exchange during culture. For the duration of the experiments,
jars were then placed in temperature-controlled, water filled tanks and illuminated with
Osram Lumilux T5 skywhite high output overhead lamps on a 12:12 hour light/dark cy-
cle. Temperature was logged continuously by HOBO TidbiT loggers, and light levels were
measured weekly with a Biospherical Instruments light meter and set to 320 ± 27 µmol
photons m-2 s-1. Foraminifers were hand-fed a one day-old Artemia nauplius every 2 days,
and jars were quickly re-capped to limit CO2 exchange with the laboratory atmosphere.
Experimental seawaters were prepared using 50% natural and 50% artificial seawater.
Natural seawater was collected near the dive site and filtered through a 0.8 µm nitrate
cellulose filter before mixing with artificial seawater. Artificial seawater was prepared by
weighing pure grade salts into MilliQ water, to reach estimated target Paleocene seawa-
ter values. These values were scaled to each site’s ambient salinity (Catalina Island S= 33,
Puerto Rico S= 36) : 2x [Ca] (either 18 or 21 mmol/kg at S= 33 or 36), 0.6 x [Mg] (either
28 or 31 mmol/kg at S=33 or 36) , and 0.9 x [B]T (either 365 or 393 µmol/kg at S=33 or
36) (Table 1, Lowenstein et al. 2014, Lemarchand et al. 2000). pH was altered by titration
of experimental seawater with NaOH or HCl to respectively raise or lower pH to target
values. DIC was controlled via addition of NaHCO3 salt to artificial seawater batches to
reach target seawater DIC concentrations (1500-3000 µmol/kg) after mixing with natural
seawater. For isolated high [Ca] experiments we added CaCl2•6H2O salts to natural fil-
tered seawater; all other element concentrations were kept constant at natural seawater
abundances and local seawater salinity.
Alkalinity and pH of experimental culture waters were sampled in multiple replicates
from individual culture jars and measured on a Metrohm 809 open cell autotitrator at
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the beginning and end of each experiment. Experimental averages were computed from
these initial and final values. In some cases, multiple seawater batches were created per
experiment and their alkalinity and pH measurements were averaged for these experi-
ments. Salinity was measured via conductivity meter on initial seawater batches and in
some cases in culture jars after completion of the experiment (Table 1). After foraminifers
completed gametogenesis, their empty tests were rinsed with Milli-Q water, measured,
and archived for later analysis. Part of each foraminifer’s shell was grown under natural
ocean conditions, while part was grown in controlled laboratory culture. The method for
isolation of the shell portion secreted in the laboratory depends on each species’ cham-
ber morphology. Orbulina universa secretes a spherical adult chamber that makes up
approximately 95% of the entire shell weight (Spero and Parker 1985), and so the entire
test was cracked with a scalpel and included for analysis. For G. ruber, T. sacculifer, and
G. bulloides, chambers that were grown in culture were determined from initial and final
shell diameter measurements, and were amputated under a light microscope using a sur-
gical steel blade. After amputation, individual chambers grown in the same experimental
conditions were pooled to make the final sample. For T. sacculifer, material from 5-13 in-
dividuals was included per sample; G. ruber secretes overall smaller shells and chambers
than T. sacculifer and we therefore pooled chambers from 15-27 individuals per sample in
this species. Globigerina bulloides secretes even smaller calcite tests, and therefore 65-85
shells (corresponding to 149-181 chambers) were combined for analysis. Depending on
their size and weight, 2-18 O. universa spheres were included in the final pooled samples
(Table 1). All samples were transferred into acid-leached PTFE vials for shell cleaning.
Carbonate system parameters of culture seawaters were calculated using a CO2SYS.m
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MatLab script modified to allow for the influence of altered seawater chemistry on the
carbonate system, including [B]T, [Ca], and [Mg] (Haynes et al. 2017). The influence of
[Ca] and [Mg] on all equilibrium constants used in carbonate system calculations was cal-
culated using the PyMyAMI model for Pitzer equation calculations from Hain et al. (2015,
2018). Uncertainties on seawater parameters were calculated via Monte Carlo simulation
(N=10,000) of uncertainties associated with pH, alkalinity, temperature, and salinity in
the CO2SYS.m script (Table 1).
Analytical Methods
Sample cleaning, preparation, and analysis of these samples has been described previously
in Haynes et al. (2017, under revision.). Briefly, the cleaning procedure is comprised of
Milli-Q rinses, a strong oxidative step (50:50 H2O2:NaOH) conducted twice, transfer to
acid cleaned vials, followed by a weak acid leach and final MilliQ rinses. Mg/Ca was
measured at Rutgers University using a Thermo Finnigan Element XR Sector Field Induc-
tively Coupled Plasma Mass Spectrometer (SF-ICP-MS). Prior to analysis, samples were
dissolved using 0.065 N HNO3 and diluted with 0.5 N HNO3 to achieve final Ca concen-
trations of 2-6 mM to minimize matrix effects. Additionally, a [Ca] solution of 1.5-8 mM
was run to quantify and correct for matrix effects. Long-term 2 RSD precision on Mg/Ca
measurements is 0.8%.
Elemental compositions of seawaters were determined via simultaneous ICP-Atomic
Emission Spectrometer at the Australian Natural University (Varian Vista Pro Axial). Ex-
perimental seawaters were sampled from initial seawater batches and from individual jars
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after culture. Water samples were then filtered with a 0.2 µm syringe filter, acidified with
15 µl HCl (Aristar 30%), covered with Parafilm, and stored until analysis. Prior to analysis,
samples were diluted 10x with 2% HNO3 and then run using a standard-sample bracket-
ing routine with a synthetic seawater standard of known elemental concentrations. Initial
and final seawater [Ca] and [Mg] values were averaged to determine experimental values
(Table 1).
Estimating Uncertainty on Measured Shell Mg/Ca
A compilation of single-shell O. universa Mg/Ca analyses conducted by laser ablation
(Holland et al., in rev.) suggests that a given population of O. universa shells is character-
ized by wide inter-shell variability in Mg/Ca. This variability appears to have a relatively
constant RSD of 30% for a given population of shells (Holland et al in rev.). In order to
estimate the uncertainty due to this inter-shell variability on our resultant measured O.
universa Mg/Ca, we calculated the 2 S.E. for an individual sample given the number of
shells included in the analysis, ranging from N=2-18:
2SE = 2 ∗ 0.3/√N (5.3)
To estimate inter-shell variability in G. ruber (pink) and T. sacculifer, we do not have
a similar body of individual analyses from culture experiments to draw from. However,
Evans et al. (2016) report a similar RSD of 26.5% from individualG. ruber (white) chambers
grown in culture, suggesting a similar overall population variability. As a first approxima-
tion for G. ruber (pink) and T. sacculifer, we apply the 30% RSD estimated for O. universa,
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above. Instead of dividing by the √N for these species (Eq. 3), we divide by the square root
of the number of chambers included in each sample (Table 1). Where replicate analyses
were made for a given experiment, we averaged the replicates’ Mg/Ca values and calcu-
lated uncertainty with equation 3 and using the number of shells or chambers utilized in
each set of replicates. We also recalculate the errors on the culture data of Allen et al.
(2016) in the same way, including the number of chambers used in each analysis (K.A.
Allen, pers. comm., Table S1). Resultant 2 S.E. values (i.e. ±5-20%) are much larger than
the analytical uncertainty (i.e. ±0.8%, Table 1) and without further constraints on inter-
shell variability in these species, this assessment may be very conservative. However,
linear fits and their associated uncertainties were calculated using the YorkFit function in
MatLab, taking into account uncertainties on measured Mg/Ca and seawater parameters
(Table 2).
5.3 Results from Culture Experiments
Overall Influence of Paleocene Seawater Chemistry
In Figures 1 and 2, we show the Mg/Ca results from our “Paleocene” seawater and previ-
ously published “Modern” seawater experiments versus pH and DIC. When grown under
estimated “Paleocene” seawater chemistry (Mg/Casw = 1.5 mol/mol), foraminiferal Mg/Ca
is lower than in foraminifers grown in modern seawater in all species (Table 1, Figure
5.1,2). This agrees with previous results where foraminiferal Mg/Ca is positively corre-
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Figure 5.1: pH effects on Mg/Ca in four modern planktic foraminifera species. In each
panel, pH experiments at Mg/Casw = 1.5 mol/mol are shown in pastel squares (this study).
All other symbols display data from previously published studies in modernMg/Casw (Lea
et al. 1999, Russell et al. 2004, Allen et al. 2016, Evans et al. 2015, Kısakürek et al. 2008).
For O. universa, we display the culture data of Russell et al. (2004), including their raw
data (grey symbols) and averages for each experiment (green circles). In this panel, the
data of Allen et al. (2016) are shown in open circles. For each relationship, p and R2 values
are shown. Error bars for data from this study, Holland et al. (in rev.), and Allen et al.
(2016) are 2 S.E. on Mg/Ca and 2S.D. on measured pH (see text for details on standard
error determination for Mg/Ca). All other published data are shown with error bars as
reported in the original study (Evans et al. 2016, Kısakürek et al. 2008).
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pH Experiments
Orbulina universa and T. sacculifer were grown at different pHTotal Scale (TS) values across
two constant Dissolved Inorganic Carbon (DIC) concentrations (2000 and 3000 µmol/kg)
under “Paleocene” seawater chemistry (Figure 5.1). Due to low specimen availability, G.
ruber (pink) was grown only at a modern ambient DIC = 2000 µmol/kg. In our O. universa
analysis, we do not interpret data from shell replicates where foraminifers grew for >28
days (N=1, LH9A), because such specimens record anomalously high Mg/Ca (Table 1).
In O. universa, Mg/Ca is elevated at pHTS=7.5 compared to pHTS=7.9 in both DIC=2000
µmol/kg and DIC=3000 µmol/kg conditions (by 20% and 14% above pHTS=7.9, respectively;
p=0.1, 0.28). We compare our data here to previously published O. universa culture data
from experiments conducted in modern Mg/Casw. Originally, Mg/Ca-pH relationships in
O. universa were defined by data from Lea et al. (1999) and Russell et al. (2004), where
Mg/Ca shows a non-linear increase at low pH < 7.9. Subsequent revision of cleaning
protocols to include a stronger oxidative step indicated that the Lea (1999) data may be
artificially elevated due to incomplete organic matter removal (Allen et al. 2016). In addi-
tion, the original data representation by Russell et al. (2004) data excluded some data that
appeared to be outliers, but targeted single shell analyses now suggest that the ”outliers”
fall within the typical inter-shell variability of this species (e.g., Eggins, Sadekov, and De
Deckker 2004, see Holland et al. in rev.). We therefore include the averages of all mea-
sured data points of Russell et al. (2004) in our comparison. This results in a somewhat
less steep relationship of Mg/Ca to pH (Figure 5.1) than originally presented by Russell
et al. (2004). Finally, a new data set (Holland et al. in revision) found no pH effect on
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Mg/Ca under variable Mg/Casw values (i.e., 10, 5, and 2.5 mol/mol), a finding that remains
difficult to reconcile with the results from previous studies. Compared to previously pub-
lished O. universa relationships that show a pH effect on Mg/Ca in this species (Russell et
al. 2004, Allen et al. 2016, Spero et al. 2015), the trends we observe in Paleocene seawater
are reduced in absolute magnitude (Figure 5.1).
In lowMg/Casw,G. ruber (pink)Mg/Ca is elevated by 4% at pHTS=7.7 compared to pHTS
8.1 (2.7 ± 0.3 to 2.8 ± 0.4 mmol/mol). However, the increase is not uniform, as Mg/Ca
at pHTS = 7.9 is at its lowest value (2.61 mmol/mol), suggesting no systematic relation-
ship with pH within measurement uncertainty under “Paleocene” seawater composition
(p=0.7, Figure 5.1B). In comparison, G. ruber (pink) experiments from modern Mg/Casw
do show a generally decreasing trend with pH, although it is not statistically significant
(Allen et al. 2016, p=0.15). The pH effect on G. ruber (white) appears to be steeper than
that of G. ruber (pink) according to two culture studies (Evans et al. 2016, Kısakürek et
al. 2008, Figure 5.1B), which were conducted in Red Sea seawater of a higher salinity (37
PSU).
In T. sacculifer, there is neither a trend inMg/Cawith pH atDIC=2000 µmol/kg (p=0.94)
nor 3000 µmol/kg and low Mg/Casw. This is in line with the findings from experiments
conducted in modern Mg/Casw where T. sacculifer Mg/Ca also shows no trend with pH
(Allen et al. 2016, Figure 5.1C).
Finally, new pH experiments in G. bulloides conducted in modern Mg/Casw (5.1
mol/mol) confirm results from previous culture studies (Allen et al. 2016, Russell et al.
2004) where Mg/Ca increases at low pH (Figure 5.1D). Including the culture data of Allen
et al. (2016), which were measured on the same instrument, the combined G. bulloides
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Mg/Ca-pH relationship has an R2 of 0.98 and a p value of 0.01, as well as an apparently
linear form.
DIC Experiments
“Paleocene” DIC experiments with T. sacculifer do not suggest an increase in Mg/Ca with
DIC (Figure 5.2, p=0.95). This is in contrast to T. sacculifer experiments conducted in
modern Mg/Casw where Mg/Ca increases with DIC (Allen et al. 2016, p=0.05, Figure
5.2). This is also markedly different from DIC experiments on O. universa under these
same “Paleocene” seawater conditions (Mg/Casw=1.5, published in Holland et al. in rev.),

















T. sacculifer, Mg/Casw= 5.1 mol/mol (Allen et al. 2016)
T. sacculifer, Mg/Casw= 1.5 mol/mol (This study)
O. universa, Mg/Casw= 1.5 mol/mol (Holland et al. in rev.)
Replicate analyses
Figure 5.2: DIC effects on Mg/Ca in two modern planktic foraminifera species. Data
conducted in low Mg/Casw are shown in pastel squares, while T. sacculifer experiments
conducted in modern Mg/Casw are shown in dark blue squares (Allen et al. 2016).
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Targeted [Ca] experiments
Globigerinoides ruber (pink),O. universa, and T. sacculifer Mg/Ca decreases when seawater
[Ca] is increased at otherwise modern seawater elemental composition (Figure 5.3). In G.
ruber (pink) and T. sacculifer, we conducted only one high [Ca] experiment at 20 mmol/kg.
We compare these high [Ca] data to the ambient [Ca] experimental data of Allen et al.
(2012) (Figure 5.3); when [Ca] increases from 10 to 20 mmol/kg, Mg/Ca decreases from
3.8 ± 0.20 to 2.31 ± 0.22 mmol/mol. Correspondingly, G. ruber Mg/Ca decreases from 4.0 ±
0.22 to 3.15± 0.36 mmol/mol. In O. universa, we conducted a set of three [Ca] experiments
during the same culture season and find that Mg/Ca decreases from 7.5 ± 0.53 to 5.1± 0.82
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Figure 5.3: Results from targeted [Ca] experiments compared with results from “Pale-
ocene” experiments (Mg/Casw = 1.5 mol/mol). Paleocene data (Mg/Casw = 1.5 mol/mol)
are shown for comparison in pastel colors, whereas variable [Ca] data are shown in dark
colors. We note that the Paleocene data shown here reflect carbonate chemistry exper-
iments, which explains the large spread in measured Mg/Ca. “Ambient” G. ruber and T.
sacculifer data (Mg/Casw = 5.1 mol/mol) are from Allen et al. (2016). In O. universa, all
[Ca] experiment data were collected from the Puerto Rico 2015 culture season, reported








































































































































































































































































































































































































































































































































































































































































































































































Single-Parameter Influence of Mg/Casw on Foraminiferal Mg/Ca
Constraining the relationship between Mg/Casw and Mg/Cacalcite for each species is a
crucial first step towards accurately interpreting Mg/Ca records from intervals of low
Mg/Casw (e.g. Evans and Müller 2012, Evans et al. 2016, Nehrke et al. 2013). Similar
to previous compilations of culture data (Evans and Müller 2012), our [Ca] experiments
suggest that each species shows a unique relationship between Mg/Casw and Mg/Cacalcite
(Figure 5.3). Our results also confirm previous findings that a linear fit to our [Ca] exper-
imental data would imply a positive intercept in all three species (Figure 5.3). Hasiuk and
Lohmann (2010) defined the general form of the Mg/Ca-Mg/Ca relationship as:
Mg/Cacalcite = F ∗Mg/CaswH (5.4)
Where F and H are both constants determined from culture data (see also, Evans and
Müller 2012). This previous formulation of Mg/Cacalcite-Mg/Caseawater relationships im-
plies that the Mg partition coefficient (DMg = Mg/Cacalcite/Mg/Casw) strongly increases at
low Mg/Casw and that each relationship (eqn. 4) has a positive intercept (Hasiuk and
Lohmann 2010, Evans and Müller 2012). However, Hauzer et al. (2018) discussed that a
positive Mg/Cacalcite intercept at zero Mg/Casw is an impossible result and suggested that
data would be more accurately described by a power fit that is forced through the origin.
We therefore fit our [Ca] experimental data from each species with power functions that
pass through the origin for our data. We only performed two [Ca] experiments for each
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G. ruber (pink) and T. sacculifer, and the generated data should therefore be considered
a preliminary analysis for these two species. However, in comparison of these data to
our Paleocene carbonate chemistry experiments (Mg/Casw = 1.5 mol/mol), the power fits
describing the isolated [Ca] experimental data are broadly supported by the Paleocene ex-
perimental data in all three species, adding support for the observed trends of decreasing
foraminiferal Mg/Ca with elevated [Ca] (Figure 5.3).
Our results suggest that T. sacculifer Mg/Ca is more sensitive to Mg/Casw than G.
ruber (pink), despite both species’ Mg/Ca values under ambient conditions being nearly
identical (Allen et al. 2016, Figure 5.3). Furthermore, the relationships for the twoG. ruber
chromotypes (white and pink) show pronouncedly different slopes, which are primarily
driven by the results of culture data at ambient Mg/Casw (Evans et al. 2016, Allen et
al. 2016). These results may imply that the two G. ruber chromotypes have different
mechanisms for modifying the Mg of the internal calcifying space, or that the relative
strength of these mechanisms is different. It is additionally possible that the different
seawater salinities of the G. ruber (white and pink) experiments caused the difference in
sensitivity, but there is not a clearmechanism for a salinity influence. Althoughwe cannot
exclude that the difference between ambient and [Ca] experimental data may be due to
interannual species effects, Mg/Ca-pH relationships are also different between the two
chromotypes (e.g. Figure 5.1). In terms of pre-Pleistocene applications of G. ruber Mg/Ca,
we suggest that G. ruber (white) calibrations should be favored, because G. ruber (pink)
is only extant in the geologic record starting at 1Ma (e.g., Li et al. 2005). If recent Mg/Ca
reconstructions are generated using G. ruber (pink), we suggest that chromotype-specific
calibrations be applied.
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Influence of pH and DIC on Mg/Ca
Based on our culture experiments we have found that the pH effect on Mg/Ca is system-
atically reduced or absent under Paleocene seawater conditions (Mg/Casw = 1.5 mol/mol)
in the three species we studied (Figure 5.2). At Mg/Casw = 1.5 mol/mol, we do not find a
significant relationship between Mg/Ca and pH in G. ruber (pink) or in T. sacculifer (Fig-
ure 5.2), suggesting that the pH effect observed in G. ruber is reduced in lowMg/Casw and
further supporting that pH does not affect Mg/Ca in T. sacculifer (Allen et al. 2016). Our
new “Paleocene” culture relationships with O. universa show a small increase in Mg/Ca
at low pH that is significant at the 90% confidence level (Figure 5.2, p=0.10). This relation-
ship is reduced in absolute magnitude compared to previously published pH relationships
conducted in modern Mg/Casw (Russell et al. 2004, Allen et al. 2016, Spero et al. 2015,
Table 2).
Culture experiments with two modern foraminifera species - O. universa and T. sac-
culifer - have previously demonstrated that Mg/Ca increases at higher DIC (Holland et al.
in rev., Allen et al. 2016). Whereas the DIC effect on Mg/Ca in O. universa persists under
both modern Mg/Casw =5.1 mol/mol and in low Mg/Casw =1.5 mol/mol (Holland et al. in
rev.), we do not observe a DIC effect on T. sacculifer Mg/Ca in low Mg/Casw (Figure 5.2F).
It is difficult at present to evaluate quantitatively how the sensitivity of O. universaMg/Ca
changes with Mg/Casw from isolated relationships, as experimental pH is often varied in
the DIC experiments of Holland et al. (in rev., Figure 5.2E). At this time, DIC experiments
across a similarly wide range (1000 to 4000 µmol/kg) have not been conducted with G.
ruber or G. bulloides, and we therefore cannot evaluate if the DIC effect is a pervasive
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feature in these foraminifer species.
Despite the generally consistent tendency of foraminiferal Mg/Ca sensitivity to de-
crease under low Mg/Casw, linear fits of Mg/Ca versus carbon system parameters do not
suggest statistical differences in slope under low Mg/Casw compared to modern Mg/Casw
(Table 2). This is likely due to the large uncertainties on our measured Mg/Ca that we es-
timate due to the potential influence of inter-shell variability (Table 1). Nonetheless, the
systematic behavior that we observe, in which Mg/Ca-carbonate chemistry relationships
are reduced or absent in all species we studied, adds confidence to our findings that this
is a pervasive feature in foraminiferal Mg/Ca systematics.
Exploring a [CO32-] control
Where pH effects have been observed on Mg/Ca (e.g., in G. ruber), significant consider-
ation has been given to determining whether foraminiferal Mg/Ca is influenced by pH
or [CO32-] (Evans et al. 2016, 2018, Gray et al. 2019). Because the two parameters are
coupled in culture pH experiments, it is not yet possible to distinguish between these two
controls. For practical purposes, assuming a pH control is simpler because pH can be
determined by boron isotope measurements in the same sediment core, whereas [CO32-]
cannot yet be directly reconstructed (see also, Gray et al. 2019). However, the observed
sensitivity of foraminiferal Mg/Ca to pH and DIC precludes a simple [CO32-] control on
Mg/Ca across all species. This is because as [CO32-] decreases in pH experiments, Mg/Ca
increases; whereas when [CO32-] decreases in DIC experiments, Mg/Ca has the opposite


























































































































































































































































































































































































pH and DIC, but it is not clear from data from G. ruber or G. bulloides if these species
show these dual influences as well. Therefore, for a mechanistic understanding of car-
bon chemistry effects on Mg/Ca, it is of paramount importance to conduct DIC culture
experiments with G. ruber and G. bulloides, and to increase the data density in O. uni-
versa experiments, to determine whether planktic foraminiferal Mg/Ca can respond to
both parameters in tandem.
Application to the Paleo-Record
Normalized Mg/Ca-Carbonate Chemistry Relationships
Recent work has developed a framework for comparing species-specific Mg/Ca-pH rela-
tionships, with the intent of applying a multi-species calibration to now extinct- species
(Evans et al. 2015). In this framework, each species’ relative changes in Mg/Ca are de-
termined by dividing each Mg/Ca data point by Mg/Ca at a reference pH value (e.g., pH=
8.02, Evans et al. 2015, Gray et al. 2019), such that normalizedMg/Ca values vary above or
below 1 at pH=8.02. In terms of paleo-application, Mg/Ca data are then corrected for pH
depending on how much seawater pH deviates from the reference pH (Evans et al. 2015,
2017). After normalization of foraminiferal Mg/Ca to the pH at which temperature cali-
brations have been conducted, then absolute temperatures can theoretically be calculated
(Evans et al. 2017). While we have observed an absolute reduction in Mg/Ca sensitivity
to pH in “Paleocene” seawater in G. ruber (pink) and O. universa, it is possible that the
relative change in Mg/Casw for a given pH decrease remains the same in low Mg/Casw,
implying that a single normalized calibration could be applied to the past as well.
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To investigate whether our relationships in low Mg/Casw follow a similar normal-
ized sensitivity to those in modern Mg/Casw, we normalize our and previously published
Mg/Ca-pH culture data to each experimental matrix’s corresponding Mg/Ca at pHTS=7.9,
as this is the most commonly represented pH value in the datasets we analyze herein. If
Mg/Ca data from a given dataset do not exist at pHTS=7.9, we create a linear regression and
interpolate to pHTS=7.9 to find the appropriate normalization value (Table 1). We divide
each study’s Mg/Ca data by its own Mg/Ca value at pHTS=7.9, rather than choosing only
one normalization Mg/Ca value for a given species (e.g. Evans et al. 2016), because stud-
ies may have analytical offsets between them, were conducted at different (constant) T or
S values, or may have been cultured and analyzed with different methods. This therefore
allows maximum comparability between different studies.
Recent re-analysis of all culture Mg/Ca-pH relationships published to date suggests
a variable sensitivity between species that ranges from +5-9% Mg/Ca per 0.1 pH unit
decrease, with no pH effect being observed in T. sacculifer (Gray et al. 2019). Not included
in the analysis of Gray et al. (2019), culture data from G. ruber (pink, +3.4%/-0.1 pH unit,
Allen et al. 2016) support a less sensitive pH effect than G. ruber (white, +6.4%/-0.1 pH
unit, Evans et al. 2016, Kısakürek et al. 2008, Figure 5.4, Table 2). When including all
measured data of Russell et al. (2004), the Mg/Ca-pH relationship inO. universa suggests a
sensitivity of only +3% per 0.1 pH unit decrease (Figure 5.4) instead of the +6-7% calculated
by Evans et al. (2015), who followed the original outlier assignment made by Russell et
al. (2004).
In relative terms, the change in sensitivity of Mg/Ca to pH associated with low
Mg/Casw varies between the species (Figure 5.4). In O. universa, pH relationships in low
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Mg/Casw show a similar normalized sensitivity to pH as the revised data of Russell et al.
(2004, Figure 5.4, +3% per 0.1 pH unit decrease). In G. ruber (pink), the normalized sensi-
tivity of Mg/Ca to pH is still reduced compared to foraminifera grown in modernMg/Casw
(+1.0% per 0.1 pH unit decrease, compared to +3.4%). In T. sacculifer, the normalized rela-
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Figure 5.4: Normalized Mg/Ca-Carbonate Chemistry Relationships. Data labels corre-
spond to the following studies: R04 (Russell et al. 2004), L99 (Lea et al. 1999), A16 (Allen
et al. 2016), E15 (Evans et al. 2015), K08 (Kısakürek et al. 2008), and TS (This Study). “M”
and “PC” refer to modern Mg/Casw (5.1 mol/mol) and Paleocene Mg/Casw (1.5 mol/mol),
respectively. pH data were normalized to each experiments’ corresponding Mg/Ca value
at pHTS =7.9. DIC data were normalized to each experiments’ Mg/Ca value at DIC = 2000
µmol/kg (T. sacculifer and O. universa only). Replicate Mg/Ca data have been averaged,
in comparison to Figures 1-3 where replicate analyses are shown. Error bars are 2 S.E.
We conduct the same exercise as above where we investigate how each species’ nor-
malized Mg/Ca sensitivity changes with DIC, except that we use Mg/Ca data from DIC
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= 2000 µmol/kg as our reference for normalization (Table 1). We find that the sensitivity
of T. sacculifer Mg/Ca decreases from +0.39% per 100 µmol/kg DIC increase to +0.075%
per 100 µmol/kg DIC increase when Mg/Casw decreases from 5.1 mol/mol to 1.5 mol/mol
(Figure 5.4, Table 2). In O. universa, controlled DIC experiments at ambient Mg/Casw have
not yet been conducted. “Paleocene” O. universa Mg/Ca data (at seawater Mg/Ca = 1.5
mol/mol, Holland et al. in rev.) are more sensitive to DIC than T. sacculifer with a nor-
malized sensitivity of +1.8% per 100 µmol/kg DIC increase (Figure 5.4).
Given the different systematics observed for each species, unique approaches are
needed for testing these calibrations. In the case of G. ruber (pink), where the normalized
sensitivity of the Mg/Ca-pH relationship decreases at low Mg/Casw, we make a simple
assumption that the slopes of the normalized Mg/Ca-pH relationships scale linearly with
Mg/Casw. For example, at Mg/Casw = 5.1 mol/mol, the normalized slope of the G. ru-
ber (pink) relationship is +3.4%/-0.1 pH unit; at Mg/Casw = 1.5 mol/mol, it decreases to
+1%/-0.1 pH unit. This comparison suggests that the slope of the Mg/Ca-pH relationship
varies systematically and we recommend that it needs to be determined for the respective
paleoceanographic Mg/Casw condition. In O. universa, the slopes of the normalized pH
relationships are similar at both Mg/Casw values; we therefore assume the normalized re-
lationship stays constant across the range of Mg/Casw (+3%/-0.1 pH unit, Figure 5.4, Table
2). Because we do not have a set of controlled DIC experiments at modern Mg/Casw, we
simply assume that the O. universaDIC effect remains the same across the entire Mg/Casw
range as well. Finally, for T. sacculifer, we assume that the sensitivity of Mg/Ca to DIC
decreases linearly with Mg/Casw, similar to our assumption for the G. ruber (pink) pH
relationships, above (Figure 5.4, Table 2).
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Multi-parameter Calibration Models for Mg/Ca
Recent work has also sought to move beyond individual culture relationships, by design-
ing multi-parameter calibration models to explain the interactive influences of multiple
parameters on Mg/Ca, including Mg/Casw, DIC, pH, salinity, and temperature (Holland et
al. in rev., Gray et al. 2018). Following this example, we incorporate our new data into
such a model framework, to further test the influence of our new Mg/Ca-carbon system
relationships on paleo-records. In contrast to recently published multi-parameter models
for Mg/Ca data from modern Mg/Casw (e.g., Gray et al. 2018, 2019), our data add infor-
mation regarding the influence of low Mg/Casw, and we thereby further assess the fit of
models that include a Mg/Casw term (Holland et al. in rev.).
As a first test of how these new culture data fit into the pre-existing multi-parameter
calibration model formulation, we assess the fit of our O. universa data, for which the
bulk of calibration data is available to date. In O. universa, the multi-parameter model has
been defined according to equation 1. To assess the fit of our new data to this model, we
plot our data in measured Mg/Ca versus model-predicted Mg/Ca space (Figure 5.5). When
shell Mg/Ca is predicted using the model of Holland et al. (in rev.), our new Mg/Ca data
nicely blend into the existing relationship (blue versus gray data, Figure 5.5A). Including
our new data to generate a revised model fit decreases the adjusted R2 of the fit slightly
(0.94 to 0.93) and increases the Root Mean Squared Error- an absolute indicator of how
close the predicted Mg/Ca data are to the measured values- from 0.66 to 0.69 mmol/mol
Mg/Ca; however, these small changes do not significantly affect the calibration model
(Figure 5.5, Table S2).
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Figure 5.5: Testing multivariate controls on O. universa Mg/Ca from new and previously
published culture data. In both panels, previously compiled culture data from Holland
et al. (in rev.) are shown in gray, whereas new culture data from this study are plotted
in colors. In panel A, we calculate the multiparameter model coefficients (A, B, C1, C2,
D) using only the data considered by Holland et al. (in rev); in panel B, we calculate the
coefficients including our new culture data (see also Table 2). Controlling parameters are
defined as follows: T(℃)=temperature, [Ca]=seawater calcium concentration (mol/kg),
DIC=dissolved inorganic carbon concentration (mol/kg), Mg/Casw = the seawater Mg/Ca
ratio (mol/mol). In order to visualize potential residual pH effects we plot our new data
shaded by pH (see inset). Error bars are 2 S.E. on measured Mg/Ca.
Notably, we showed above that under low Mg/Casw (1.5 mol/mol), the relationship
between O. universa Mg/Ca and pH is significant at a 90% confidence level (Figure 5.1).
However, the previously defined multi-parameter calibration model does not include a
pH influence, because the data assessment of Holland et al. (in rev.) suggests the data of
Russell et al. (2004) and Allen et al. (2016) should be excluded from the model, and those
data historically provided the strongest evidence for a pH effect in this species. Plotting
our data in model-predicted versus measured Mg/Ca space in comparison with the data
of Holland et al. (in rev.), we find that the pH effect we observe in low Mg/Casw is indeed
small relative to the other variables included in the model (Figure 5.5). Nevertheless,
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due to the historical observation of a pH effect in O. universa culture data, we will test
the overall magnitude of the isolated pH effect compared to the model prediction in our
analysis in the subsequent section (4.4.3).
The parameters included in the calibration models for G. ruber (pink) and T. sacculifer
stem from observations of isolated carbonate system effects on Mg/Ca in each species. In
the case of T. sacculifer, we include seawater DIC as the controlling carbon system term
and do not include a pH influence, given that pH control has not been observed in culture
experiments (this study, Allen et al. 2016, Figures 1,2). In G. ruber (pink), we include an
H+ term, based on the fact that a pH effect on Mg/Ca has been observed in this species
(Figure 5.1, Allen et al. 2016, Holland et al. in rev.). The resulting equations are as follows
(Table S2):




Mg/CaT. sacculifer = Mg/Ca
A
sw∙B∙exp(C1∙[Ca]sw+C2∙[DIC]sw+D)∙T (5.6)
In order to preliminarily apply this model formulation to G. ruber (pink) and T. sac-
culifer, we include all previously published culture data for each species (including only
G. ruber (pink) data, Allen et al. 2016, Hönisch et al. 2013, Nürnberg et al. 1996). This
includes pH, temperature, and salinity experiments in both species (Allen et al. 2016,
Hönisch et al. 2013, Nürnberg, Bijma, and Hemleben 1996), as well as DIC experiments in
T. sacculifer (Allen et al. 2016), all conducted under modern Mg/Casw (Table S1). Because
the T. sacculifer temperature experiments of Nürnberg et al. (1996) did not include car-
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bonate chemistry measurements, we have estimated their corresponding DIC, which was
scaled to salinity according to the GLODAP global surface ocean relationship (2040-2070
µmol/kg, Table S1, open circles in Figure 5.6B,E). In each case, we also include data from
our [Ca] and ”Paleocene” carbonate chemistry experiments in the calibration model. Root
mean square errors on the model fit are ± 0.40 mmol/mol in G. ruber (pink) and ± 0.29
mmol/mol in T. sacculifer, with R2 values of 0.83 and 0.97, respectively, indicating that the
paramaterization of individual experimental conditions in the model provides a reason-
able fit to the observed Mg/Ca data. In each case, we find no obvious systematic residual
in either DIC or pH (for G. ruber (pink) and T. sacculifer, respectively, Figure 5.6A-B). We
note that for T. sacculifer, the lack of a pH residual is robust because both pH and DIC
experiments have been conducted in this species, whereas only pH experimental data are
available for G. ruber (pink) and the DIC effect still remains to be tested in this species.
All calibration coefficients for each species (A, B, C1, C2, D) are listed in Table S2.
It should be noted that these calibration models do not include a salinity control on
Mg/Ca. This is because the prior compilation of O. universa into a multi-parameter model
space determined that salinity exerts a minor effect on Mg/Ca in comparison to Mg/Casw,
DIC, and T (Holland et al. in rev.). Instead, salinity control is captured in the [Ca]sw term,
which itself also varies as a function of salinity (Holland et al. in rev.). We test the notion
that salinity can be captured via inclusion of a [Ca] term by including our new culture
data in the models from experiments where [Ca] was varied independently in G. ruber
(pink) and T. sacculifer (Figure 5.3).
The respective model formulations including an illustration of the salinity residuals
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experimental Mg/Ca data from Hönisch et al. (2013, S=40) fall above the model predic-
tion in both species (yellow data, Figure 5.6D-E); predicted Mg/Ca for the highest salinity
experiment is lower than measured Mg/Ca by around 1 mmol/mol. However, in compar-
ison with the observed carbonate system and Mg/Casw effects, the salinity effect is small;
the respective uncertainty on measured Mg/Ca places the high salinity data well within
the range of the other culture data (Figure 5.6D-E). A salinity of 40 is also an extreme
value for the surface ocean that is rarely observed in most open-ocean environments. For
longer-term, deep-time reconstructions, we therefore conclude that the salinity effect is
small compared to the influence of Mg/Casw on foraminiferal Mg/Ca. While the effect
does not present a significant influence on the model formulation, we note that increased
salinity experimental data coverage across a range of Mg/Casw values will help to further
constrain the extent of the salinity effect on Mg/Ca in T. sacculifer and G. ruber (pink).
Implications for Records from Extinct Foraminifera
Carbonate system and Mg/Casw effects on foraminiferal Mg/Ca. In terms of paleo-
application, the variable behavior between modern species that we observe makes ex-
trapolation to extinct species difficult. Because the modern planktic species studied to
date show different normalized Mg/Ca-pH sensitivities (this study, Gray et al. 2019), we
do not suggest combining culture data from a range of species to make one combined
relationship (e.g. Evans et al. 2015). Instead, we test the possible influence of foraminifer
species-specific carbonate system effect changes on Cenozoic Mg/Ca records. In doing so,
we seek to determine how the large influence of Mg/Casw on Mg/Cacalcite (Figure 5.7A-D)
compares to the influences of DIC and pH (Figure 5.7E-F). In addition to Cenozoic-wide
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trends, we also test the magnitude of pH and DIC influence across shorter-term events,
including the Last Glacial Maximum (LGM, Mg/Casw = 5.1 mol/mol) and the Paleocene-
Eocene Thermal Maximum (PETM, Mg/Casw =1.5-1.7 mol/mol, Figure 5.7E-F).
Given the threefold change in theMg/Casw ratio over the Cenozoic (e.g. Lowenstein et
al. 2014), and the strong influence Mg/Casw exerts on foraminiferal Mg/Ca, foraminiferal
Mg/Ca will be significantly affected by Mg/Casw (Evans and Müller 2012). Therefore,
for each species, we firstly predict how foraminiferal Mg/Ca would change based on the
evolution of Mg/Casw only. Specifically, we compare how using individual culture rela-
tionships of Mg/Casw-Mg/Cacalcite (Figure 5.3, Table S3) compare to Mg/Casw-Mg/Cacalcite
relationships in the multi-parameter calibration models (Figure 5.6, Table S2). To do so,
we constrain temperature to 26℃, DIC to 2000 µmol/kg (for T. sacculifer and O. universa)
and pH to 8.02 (forG. ruber (pink)) in each model parameterization. This makes the model
estimates comparable to individual Mg/Casw-Mg/Cacalcite calibrations because respective
culture experiments were performed at T=26℃, DIC=2000 µmol/kg, and pH=8.02-8.04 (Ta-
ble 1).
The match between predicted Mg/Ca from culture relationships and the multi-
parameter model is greatest in O. universa (Figure 5.7G-H, black versus green solid lines),
which is likely due to the fact that this species’ model is most well-defined by culture data
(Holland et al. in rev., Figure 5.5). By contrast, the two methods produce vastly differ-
ent trajectories in T. sacculifer and G. ruber (pink), indicating that more detailed culture
evidence is greatly needed for these species (Figure 5.7I,J).
With the thus constrained estimate of how each foraminifer species’ Mg/Ca will
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Figure 5.7: Influence of the evolution of Cenozoic seawater chemistry on foraminiferal
Mg/Ca. Seawater [Ca], [Mg], and Mg/Ca trajectories are based on fluid inclusion data
of Horita (2002), Lowenstein (2003), and Brennan et al. (2013), compiled by Zeebe et al.
(2019). The pH record is based on previously published planktic foraminiferal boron iso-
tope measurements, compiled by Zeebe et al. (2019), while the DIC record was generated
by combining Cenozoic CCD and [CO32-] records (Zeebe et al. 2019). Each species is coded
by color: O. universa (green), T. sacculifer (blue), and pink G. ruber (red). Solid lines show
the influence of only Mg/Casw on foraminiferal Mg/Ca according to each species’ multi-
parameter model formulation (black) and each species’ isolated Mg/Cacalcite=Mg/Casw re-
lationships (colors, see Figure 5.3). Open symbols show the influence of carbon system
changes (either pH or DIC) on foraminiferal Mg/Ca using models (black) and isolated
culture relationships (colors, see Figure 5.4).
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alter foraminiferal Mg/Ca. We compare two calibration methodologies for accounting for
carbon system effects. Firstly, we parameterize carbonate chemistry relationships accord-
ing to normalized changes in observed Mg/Ca from “ambient” conditions for each species
(Figure 5.4). To address the individual pH and/or DIC effects under variable Mg/CaSw, we
assume that the normalized culture relationships change linearly withMg/Casw according
to the analysis in section 4.4.1 (Table 2). Secondly, we compare these results from invidial
culture relationships to the predictions from preliminary multi-parameter model formu-
lations for each species (Figure 5.6, Table S2). Due to the incomplete experimental matrix
at this time, we restrict our analysis to only those parameters that have been determined
experimentally; in O. universa, we test pH and DIC; in G. ruber (pink), we test only pH,
and in T. sacculifer, we test only DIC (see Figures 1,2).
This analysis is currently hampered by the lack of direct Cenozoic DIC estimates,
which is given due to the lack of an absolute DIC proxy. To test the influence of DIC
changes on Cenozoic Mg/Ca records, we therefore assume secular evolution of DIC based
on a recent modeling study (Zeebe and Tyrrell 2019). This DIC reconstruction pairs Ceno-
zoic [CO32-] derived from carbonate compensation depth (CCD) records (Pälike et al. 2012,
Tyrrell and Zeebe 2004) with [Ca] records from fluid inclusions (Horita et al. 2002, Lowen-
stein et al. 2003, Timofeeff et al. 2006, Brennan et al. 2013) and pH calculated from the
GEOCARB model (Berner and Kothavala 2001), predicting a relatively stable DIC tra-
jectory across the Cenozoic (Figure 5.7C, ranging from 1800-2200 µmol/kg). To test the
influence of pH, we use the pH record compiled by Zeebe et al. (2019) from published
boron isotope proxy estimates, which also includes climate event-specific pH variability
(Figure 5.7H). It is important to note that because seawater SO42- was different in the past,
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the total pH scale- which includes contributions from HSO4- - does not accurately allow
the comparison of modern and paleo-pH values (Zeebe et al. 2019). This analysis may
therefore need to be revised in the future, as boron isotopic reconstructions of paleo-pH
will need to take decreased early Cenozoic SO42- into account. For the LGM, we assume
a pH increase of 0.2 pH units and a DIC increase of 200 µmol/kg (Hönisch and Hemming
2005, and after Allen et al. 2016), and for the PETM, a pH decrease of 0.3 units and a DIC
increase of 1000 µmol/kg (Penman et al. 2014, Haynes et al. in prep. (see Chapter 4)).
In O. universa and T. sacculifer, the two species that have been calibrated for DIC ef-
fects, the long-term evolution of DIC across the Cenozoic does not present a significant
bias on Mg/Ca (Figure 5.7D-E). Assuming that the relatively small range of DIC variabil-
ity according to Zeebe et al. (2019) is correct, the lowest DIC values predicted for the
mid-Miocene impose a DIC effect on the order of -0.2 mmol/mol Mg/Ca in O. universa
according to both the culture and model calibrations (Figure 5.7D). By contrast, the DIC
increase associated with the PETM affects O. universa Mg/Ca to a greater degree (about
1 mmol/mol Mg/Ca, see also Holland et al. in rev.). Because DIC relationships are overall
less sensitive in T. sacculifer, the influence of DIC on Mg/Ca using this species’ calibration
is negligible, including during PETM ocean acidification (Figure 5.7E).
In both G. ruber (pink) and O. universa, the imposed long-term effect of pH on Mg/Ca
over the Cenozoic is more noticeable than the DIC effects. According to theG. ruber (pink)
culture relationships, the effect predicted from pH change at the LGM is larger than that at
the PETM; this is because the normalized G. ruber (pink) pH effect diminishes under low
Mg/Casw (Figure 5.4). However, the current G. ruber (pink) multi-parameter calibration
model predicts a much larger pH effect for the PETM, but also for the LGM, albeit less
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significantly so (Figure 5.7J). This indicates that the current model formulation so far does
not capture this reduction in Mg/Ca-pH sensitivity. In O. universa, where the pH effect
is similar in both low and modern Mg/Casw, pH imposes an effect on Mg/Ca of about 0.5
mmol/mol Mg/Ca during both the LGM and the PETM (Figure 5.7I). This is larger than
the DIC effect and, by default, also larger than predicted by the multi-parameter model of
O. universa, which does not include a pH influence (Holland et al. in rev.).
Translation to Paleotemperatures. Following calibration studies that relate Mg/Ca to
temperature, we can now translate Mg/Casw- and DIC- and/or pH-corrected Mg/Ca val-
ues to paleotemperatures. Mg/Ca-temperature relationships are typically defined by the
equation:
Mg/Ca = B ∗ expA∗T (5.7)
Where B and A are constants determined from calibration studies (e.g. Lea et al. 1999,
Russell et al. 2004, Anand, Elderfield, and Conte 2004).
To translate Mg/Ca changes into temperatures at a given Mg/Casw value, robust
Mg/Ca-temperature calibrations across variable Mg/Casw would be necessary. To date,
the only Mg/Ca-temperature calibrations conducted under variable Mg/Casw are avail-
able for G. ruber (white, 3.4 mol/mol, Evans et al. 2016) and in O. universa (2.6 mol/mol,
Holland et al. in rev.). For both species, the experimental evidence suggests that the
sensitivity of Mg/Ca to temperature decreases in low Mg/Casw (e.g. the A parameter, Fig-
ure 5.8). To determine the general magnitude that carbon system effects will have on
reconstructed temperatures in different Mg/Casw values, we therefore use these existing
estimates of Mg/Ca-temperature sensitivity at Mg/Casw=5.1, 3.4, and 2.6 mol/mol to de-
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fine theoretical calibrations for each species. To find the appropriate B values for each
species, we utilize the Mg/Casw-Mg/Cacalcite relationships we define in Figure 5.3 (Table
S3, Table S5). We plot the respective species’ existing culture data to show the reasonable
fit of this approach to what has been measured so far (Figure 5.8). We note that the O. uni-
versa calibration predicts lower Mg/Ca than the culture data of Holland et al. (in rev.) at
Mg/Casw=5.1, which is based on the fact that culture data from 26℃ experiments of Hol-
land et al. (in rev.) are higher than our corresponding culture data from this study at 26℃
(8.83 mmol/mol, compared to 7.5 mmol/mol from this study). This discrepancy may be
due to differences in analytical methodology, however we note the precise cause remains
unconstrained. For comparison to the sparse coverage of G. ruber (pink) data, we also
plot data from G. ruber (white), which are slightly higher than those of G. ruber (pink,
Figure 5.8D). We would like to stress that this analysis is not intended to put forward
new Mg/Ca-temperature calibrations for each species under variable Mg/Casw, because
the underlying calibrations are based on a limited coverage of culture data (Figure 5.8).
Instead, we only seek to scale the theoretical calibrations such that similar temperatures
are calculated for each species, and the relative influence of carbon system effects can be
compared between the species.
To compare the magnitude of carbon system effects at different Mg/Casw values, we
calculate the influence of a 200 µmol/mol DIC increase and a 0.2 pH unit decline on
Mg/Cacalcite according to each species’ normalized Mg/Ca-carbon system relationships.
We chose these carbon system changes because they encompass the long-term variability
observed in the Cenozoic pH and DIC trajectories (e.g. Figure 5.7C, H).
The results of this exercise are displayed in Figure 5.8. For G. ruber, the magnitude
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of the pH effect on Mg/Ca-derived temperatures is similar in low Mg/Casw and mod-
ern Mg/Casw, where a pH decrease of 0.2 units causes temperatures to increase by 0.7
℃ compared to 0.8 ℃, respectively. By contrast, in T. sacculifer, these large carbon sys-
tem changes impose a very small influence on reconstructed temperatures (0.07-0.08℃).
In both cases, these temperature uncertainties are either smaller than or similar to the
1℃ minimum uncertainty on reconstructed temperatures using the O. universa calibra-
tion model of Holland et al. (in rev., black brackets). Therefore, in G. ruber (pink) and T.
sacculifer, the influence of carbon system effects on Mg/Ca-derived temperatures is rela-
tively small, especially in comparison to the large influence that Mg/Casw itself imposes
on foraminiferal Mg/Ca (Figure 5.7E, J, Figure 5.8).
In contrast to T. sacculifer and G. ruber, we assume that the O. universa Mg/Ca sensi-
tivity to pH and DIC is the same for modern and “Paleocene” Mg/Casw (see section 4.4.1),
and the influence of carbon system effects on temperature actually becomes larger as
Mg/Casw declines (Figure 5.8A-B). Furthermore, the pH effect in O. universa causes the
largest over-estimation of temperatures compared to all of the other species’ carbon sys-
tem effects; at Mg/Casw = 2.6 mol/mol, the O. universa pH correction for a 0.2 pH unit
decline causes Mg/Ca-derived temperatures to increase by 1.4℃ (Figure 5.8B). This influ-
ence is greater than the minimum +/- 1℃ uncertainty that is inherent to the calibration
model (Holland et al. in rev.). This indicates that even small absolute changes observed in
single-parameter O. universa pH calibrations can impose a large effect on Mg/Ca-derived
temperatures under low Mg/Casw. While pH is not included in the O. universa calibration
model of Holland et al. (in rev.), we argue that further controlled culture pH experiments
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Figure 5.8: Translation of carbonate chemistry effects on Mg/Ca into temperatures at dif-
ferent Mg/Casw values. Each species’ label is coded by color in the same scheme as Figure
5.7. Exponential curves are calculated Mg/Ca-temperature calibrations for each species
at three different Mg/Casw values: 5 (red lines), 3.4 (blue lines), and 2.6 mol/mol (black
lines, see main text). In circles, we show the existing culture data for each species: for O.
universa, all data are from Holland et al. (in rev., panels A, B); for T. sacculifer, culture data
are from Nürnberg et al. (1996, panel C); for G. ruber (pink, panel D), culture data (filled
circles) are from Allen et al. (2016). For comparison, we show in empty circles the culture
data from G. ruber (white) of Evans et al. 2016 (Mg/Casw = 3.4 mol/mol) and Kısakürek
et al. (2008, Mg/Casw=5.1 mol/mol). The thickness of each shaded box corresponds to the
carbonate system influence on reconstructed temperatures at a given Mg/Casw (red= 5
mol/mol, blue = 3.4 mol/mol, grey =2.6 mol/mol). In the black brackets, we plot the min-
imum temperature uncertainty associated with the multi-parameter calibration model of
Holland et al. (in rev., 1℃).
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Conclusions for Application to Records from Extant Species
We have added here new data for G. ruber (pink), T. sacculifer, and O. universa that can
be included in multi-parameter calibration models for each of these extant species. In
addition, a G. ruber (white) multi-parameter calibration model has also been defined with
existing culture data by Holland et al. (in rev.). Trilobatus sacculifer and G. ruber (white)
both evolved circa 20 Ma, while O. universa has been extant for about 10 million years
(Aze et al. 2011), and G. ruber (pink) only appeared at 1Ma (Li et al. 2005), when sea-
water Mg/Ca was similar to today. At present, the multi-parameter calibration model is
most well-constrained in O. universa (Holland et al. in rev.), and pre-Pleistocene appli-
cations could utilize this model as well as DIC, Mg/Casw, and [Ca]sw estimates, although
we are not aware of any studies that have utilized O. universa on this timescale to date.
We found above that carbon system influences do not pose a significant bias on Mg/Ca
reconstructions from T. sacculifer under any Mg/Casw conditions. This implies that car-
bon system corrections do not need to be taken into account for reconstructions based
on T. sacculifer, which increases the appeal of focusing on this species for deeper time
reconstructions. However, we believe that application of these models to records from
G. ruber (white, Holland et al. in rev.) and T. sacculifer during time periods of variable
Mg/Casw is premature. The major uncertainties that need to be resolved in these species
and/or chromotypes for applicate paleo-reconstruction are:
1. The sensitivity of T. sacculifer Mg/Ca-temperature relationships to Mg/Casw needs
to be constrained. While experiments with G. ruber (white) have been conducted
(Evans et al. 2016), it is clear that T. sacculifer Mg/Ca shows a different sensitivity
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than G. ruber to every parameter discussed herein, and species-specific calibrations
are therefore needed.
2. For G. ruber (white), [Ca] experiments need to be conducted in order to evaluate
the parameterization of the salinity influence on Mg/Ca. To date, Mg/Casw has
been varied in culture experiments with G. ruber (white) only by changing [Mg].
Conducting [Ca] experiments will allow for the determination of whether salinity
variability can be parameterized by [Ca], or whether salinity needs to be added as
an individual parameter in the multi-parameter calibration model.
3. Controlled pH experiments need to be conducted with G. ruber (white) at low
Mg/Casw in order to determine whether the change in sensitivity found in other
species is a universal feature in (symbiont-bearing) planktic foraminifera.
Conclusions for Application to Records from Extinct Species
In terms of the application of modern Mg/Ca calibrations to extinct species, we sug-
gest that carbon system effects are important to account for but do not represent the
largest outstanding uncertainty on interpreting deep-time Mg/Ca records. Specifically,
the relationship between foraminiferal Mg/Ca, Mg/Casw, and temperature remains under-
constrained (Figure 5.8). We suggest that future studies should focus on firstly increasing
culture data coverage of the influence of Mg/Casw on Mg/Ca-temperature relationships.
By increasing data coverage on these systematics, it is possible thatmechanistic inferences
can be made regarding the way that these calibrations can be applied to extinct species.
For example, if each species Mg/Ca-temperature sensitivity decreases to the same relative
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degree, or if Mg partitioning shows a systematic response in tandem, it will be possible to
identify unified multi-species relationships that could be applied to the past (e.g. Evans et
al. 2015, Gray et al. 2019). One crucial step will be determining the precise mechanisms
for Mg regulation within the calcifying space and the ultimate incorporation of Mg into
the foraminifer shell. Furthermore, it will be important to improve our understanding of
vital effects in extinct species, for which new proxies such as foraminiferal porosity for
metabolic rate may be useful in the future (Burke et al. 2018). In the mean time, records
from extinct foraminifera across rapid perturbations during which Mg/Casw can be as-
sumed constant can utilize the normalized Mg/Ca-carbonate chemistry relationships we
define (Table 2) as well as the multiparameter model formulation in O. universa (Holland
et al. in rev.) to estimate the potential influences of the carbon system on Mg/Ca records.
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Appendix 1. Supplementary Materials
for Chapter 2
This section includes supplementary figures, discussion and data to Chapter 2: Calibra-




This supplementary material includes details on calculations performed in this study, aux-
iliary culture data, and the methodology for the measurement of foraminiferal shell sur-
face area. Growth rate estimates, individual and average shell weights, and all culture
experiment parameters are reported. The sequence of steps for calculating carbonate sys-
tem variables at the PETM is detailed. We also provide the output for our calibration
scenario in which we use measured B/Ca and our new “Paleocene” calibrations to cal-
culate total dissolved inorganic carbon (DIC) across the PETM excursion. Trace element
data for a comparison between foraminifers that were terminated prior to gametogenesis
versus foraminifers that completed the life cycle are also reported. Finally, we detail the
results of an alternate calibration scenario explored in the main text.
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Methodology for B/Ca Measurements at the Bristol Isotope Group
In addition to the culture data from 2013 (Santa Catalina Island) and 2015 (Puerto Rico),
we also report here a previously unpublished pH calibration for B/Ca in O. universa from
the Puerto Rico field site for accurate comparison to our data collected there (Table S2,
Figure S1). These pH experiments, cultured at Puerto Rico in 2010, were analyzed at the
Bristol Isotope Laboratory. Foraminiferal cleaning procedures follow Rae et al. (2011)
and Henehan et al. (2015), and are identical to those described in the main text, but
with an oxidative cleaning solution of 1% H2O2 buffered with 0.1 M NH4OH, and dis-
solution in 0.075 M HNO3. These samples were analyzed on an Element 2 SF-ICP-MS by
sample-standard bracketing following Foster (2008), with samples diluted in 0.5 M HNO3
and matrix-matched to the same Ca concentration as the standards (3 mM Ca). Long
term 2 RSD reproducibility of secondary standards, consisting of solutions with similar
elemental compositions to dissolved carbonates, is <5 % for B/Ca and <3 % for Mg/Ca.
Bracketing standards were calibrated to standards used at Rutgers University, minimiz-
ing inter-laboratory bias between these labs.
Estimation of Growth Rate from Brunauer-Emmett-Teller
Measurements
We estimated average foraminifer shell growth rates for each of our foraminifers in cul-
ture fromweight and duration of sphere thickening data. To find area-normalized growth
rates for comparison to inorganic calcites, however, we need to estimate the surface area
of each spherical shell in addition to growth rates in µg/day. To estimate shell surface
area, we use Brunauer-Emmett-Teller (BET) measurements of pooled fossil O. universa
shell samples in the 425-515, 515-600, and 600-865 µm size fractions of Fish et al. (in prep.)
to estimate the approximate corresponding surface area of cultured foraminifer shells in
these given size fractions. Samples were collected from a sub-core of R/V SONNE SO164-
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Figure 1: The sensitivity of B/Ca to pH and [B(OH)4-]/DIC in pH culture experiments
from Allen et al. (2011, 2012) and Henehan et al. (2015) and this study. Globigerinoides
ruber (red) records the highest overall B/Ca values, and shows the highest sensitivity to
pH. The ambient data from the Puerto Rico 2015 season (BH6, this study) are shown as
black squares and agree well with data of the Puerto Rico 2010 pH calibration, measured
at Bristol. The pH calibration for O. universa from Puerto Rico is shown in dark green,
and appears to have a higher sensitivity than O. universa from Catalina, though this is
mostly driven by by the high pH experiment.
17-1 box core within the Florida Straits (Lat: 24°04,93N Long: 80°52,89W, water depth
952 m). Core-top samples were washed, sieved, and picked for O. universa in the above
size fractions. BET measurements were made at USC on samples of pooled foraminifer
shells using a Micromeritics ASAP 2010 instrument and Kr as the analysis gas (de Kanel
and Morse, 1979; Subhas et al., 2015). The number of individuals included in each sample
ranged from 110-380, depending on the size fraction and the associated surface area based
on the required amount of ≥0.05 m2 surface area per sample. Surface area measurements
for each pooled sample yield results in m2/g. To find the surface area of an average in-
dividual shell in each BET sample, we first divided the weight of the BET sample by the
number of individuals included to find the average shell weight (Table S1). Then, the av-
erage shell weight was multiplied by the average BET-derived surface area in m2/g to find
the average individual shell surface area in this size fraction. We then applied these aver-
ages to our cultured foraminifer shells based on their final measured size. For example, a
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cultured foraminifer with a diameter of 500 µm was assumed to have the average surface
area of a foraminifer from the 425-515 µm size fraction BET sample.
Effects of Using Pre-Gametogenic (Terminated) Foraminifers and
Implications for Catalina Low Light Experiments
Out of 19 total foraminifers in our low light experimental sample from Catalina Island we
included one foraminifer that was terminated prior to gametogenesis. To assess the trace
element signature of pre-gametogenic foraminifers, we conducted a paired trace element
analysis of gametogenic and pre-gametogenic foraminifera from the same experiment in
Puerto Rico (BH7, Table S4). We found that both B/Ca and Mg/Ca are significantly ele-
vated in pre-gametogenic foraminifers compared to foraminifers that underwent gameto-
genesis; B/Ca was found to be higher by 15 µmol/mol (23%), while Mg/Ca was elevated by
4 mmol/mol (42%, Figure S2). Given the increase observed in both elemental ratios, this
may suggest that gametogenic calcite has a lower concentration of impurities; however,
a consistent decrease in B/Ca and Mg/Ca towards the outside of the shell is not observed
in laser ablation profiles (e.g. Holland et al. 2017). Nevertheless, this implies that com-
bining gametogenic and pre-gametogenic foraminifera in trace elemental analyses can
significantly bias trace element results, with the effect being larger for Mg/Ca than B/Ca.
Based on the pre-cleaningweight of the one pre-gametogenic foraminifer we included,
it could at maximum have contributed 9% of the total shell sample weight. However, given
that pre-gametogenic shells include a much greater amount of organic matter than shells
that have undergone gametogenesis, it is likely that the actual shell weight contribution
was much lower (<5%). Nevertheless, we must consider whether this contribution could
have biased our results. If pre-gametogenic foraminiferal calcite were a significant con-
tributor to the bulk signal, both B/Ca and Mg/Ca could be elevated above the true value of
gametogenic specimens. This is difficult to determine for B/Ca in low light experiments,


















Figure 2: The effect of using terminated versus gametogenic foraminifers in trace element
analyses. Foraminifers that were terminated prior to gametogenesis had significantly
higher B/Ca (red) and Mg/Ca (blue) than GAM foraminifers from the same experiment.
Error bars are 2σ. Errors on Mg/Ca (0.8%) are too small to be observed in this plot.
pre-gametogenic foraminiferal calcite would increase it, effectively canceling out the low
light signal. In contrast, we would expect that both low light conditions and contributions
of pre-gametogenic foraminferal calcite would increase Mg/Ca; thus, a pre-gametogenic
calcite signature would amplify the low light signal. However, we do not see any increase
in shell Mg/Ca in low light experiments on Santa Catalina Island compared toMg/Ca from
the ambient high light experiments of Allen et al. (2011, reported in Allen et al. 2016, Fig-
ure 7a, Table 2). Consequently, this result supports the observation from location specific
B/Ca calibrations that the sensitivity of foraminiferal symbiont photosynthesis to low
light is diminished on Santa Catalina Island (see main text), and that pre-gametogenic
foraminiferal calcite was not a significant major contributor to our bulk shell signal.
Calculating Calibration Line Parameters Uncertainty
All linear fits in this study were calculated using the YorkFit.m script in MatLab (Travis
Wiens 2010, from York et al. 2004). Uncertainty on calibration slopes and intercepts
were calculated as follows: 1σ uncertainty in seawater-[B(OH)4-] and DIC calculated
in CO2sys.m (see eq. 3 in the manuscript) was used to calculate 1σ uncertainty in the
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[B(OH)4-]/DIC ratio for each experiment according to the following error propagation
equation:
1σ[B(OH)−4 /DIC] = [B(OH)
−





1σ values for [B(OH)4-]/DIC and measured B/Ca were entered into the YorkFit.m script to
calculate resultant 1σ uncertainties on calibration slope and intercept. 2σ uncertainties
are reported in Table 2.
Shifting Calibration Curves through pre-PETM Conditions
To apply our calibrations to the B/Ca data measured at the PETM in M. velascoensis (Pen-
man et al. 2014), we calculated new intercepts for each calibration to pass through the
pre-PETM average B/Ca and [B(OH)4-]/DIC conditions (Table 3). Average measured pre-
PETM B/Ca was 70.4 μmol/mol (Penman et al. 2014). We calculate average pre-PETM
[B(OH)4-]/DIC by parameterizing the CO2SYS.m script with the δ11B-derived pre-event
pH data (assuming a pre-PETM pH of 7.8) and T and S trajectories of Penman et al. (2014),
assuming DIC was constant at 2000 µmol kg-1.
[B(OH)4-]/DIC values for all pre-PETM data were averaged to find the pre-event con-
dition ([B(OH)4-]/DIC=0.032). We then passed our calibrations through the average pre-
PETM condition (70.4 µmol/mol B/Ca, 0.032 [B(OH)4-]/DIC) to find the intercept appro-
priate for application to the Paleocene data.
Application to the PETM
Predicted B/Ca at the PETM
In Section 4.4, we predict the B/Ca excursion that we expect to result from the pH ex-
cursion of Penman et al. (2014) given the B/Ca vs. pH calibrations of Allen et al. (2011,
modern seawater) and this study (simulated Paleocene seawater). We use δ11B-derived
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pH estimates across the PETM to calculate the associated change in [B(OH)4-]/DIC values
across the event using the CO2SYS.m script in Matlab, modified for the parameterization
of [B]T, [Mg], and [Ca]. In the CO2SYS.m script, two carbonate system input parameters,
such as total DIC, alkalinity, or pH, are needed. In our calculations, we first assume that
DIC remained constant at 2000 µmol kg-1 and that pH is the only parameter that changed
(decreased) across the PETM. Temperature and salinity were parameterized according to
Penman et al. (2014), where temperature estimates were derived from Mg/Ca measure-
ments on M. velascoensis. [Mg] and [Ca] were set at 30 and 20 mmol/kg, (0.6x and 2x
modern values), respectively (Table S6).
To estimate uncertainty on calculated [B(OH)4-]/DIC values resulting from uncertain-
ties in reconstructed pH, we used the absolute value of the uncertainty associated the
lower pH bound. This is because the uncertainty in pH estimates is non-linear, and the
lower uncertainty is thus a larger, most conservative estimate. We ran the mean pH value
+ this 1σ uncertainty in pH estimates through the same CO2SYS.m script and multiplied
by two to find the resultant 2σ uncertainty on [B(OH)4-]/DIC. To predict B/Ca values,
we applied both the modern (Allen et al. 2011) and “Paleocene” calibrations (this study,
below) (Figure 8, Figure S5):
B/Ca(µmol/mol) = 1147×((B(OH)−4 (µmol/kg))/(DIC(µmol/kg))) + 33.5 (5.9)
As noted in the main text, using the [B(OH)4-]/DIC ratio over the [B(OH)4-]/HCO3-
ratio does not alter our interpretation, as the calibration sensitivity is the same (Figure
S3). This is because DIC is primarily composed of HCO3- in our experimental pH range.
Uncertainty in predicted B/Ca was estimated in MatLab by creating random variables
of N=1000 with mean and standard deviation of calculated [B(OH)4-]/DIC (as above), cal-
ibration slope, and intercept. The uncertainty associated with the intercept that we use in
our calibration was the 1σ value of pre-PETMB/Cameasurements, which is what we used
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Figure 3: Paleocene and Modern B/Ca calibrations vs. [B(OH)4-]/DIC (open symbols) and
[B(OH)4-/HCO3-] (closed symbols). Paleocene data from this study is shown in colored
symbols. The assumption that [B(OH)4-]/DIC is the controlling parameter on B/Ca instead
of [B(OH)4-/HCO3-] does not change the observed increase in sensitivity at low pH and
high DIC in Paleocene experiments. Linear regression lines for modern pH experiments
(black) and Paleocene low pH/high DIC experiments (green) are shown.
to calculate the intercept (average = 70.4 +/- 1.4, see section E above). Each random vari-
able was propagated through the above calculation to find the resultant 2σ uncertainty in
predicted B/Ca due to the uncertainty associated with each parameter. To find total un-
certainty for each predicted B/Ca point, an error propagation was performed according
to the following equation, to combine uncertainties in calculated B/Ca due to each input
parameter uncertainty:
2σPredictedB/Ca = √((2σ)2borate/DIC + (2σ)2intercept + (2σ)2slope) (5.10)
subsubsection*Calculating DIC at the PETM We use our “Paleocene” calibration for
B/Ca versus both pH and DIC at [B(OH)4-]/DIC< 0.03 to calculate the DIC increase re-
quired to explain the full B/Ca excursion at the PETM (Eq. S2). To solve for DIC, we need:
1) Estimates of [B(OH)4-], and 2) measured B/Ca data at the same time points. Data for
this calculation come from Penman et al. (2014), where B/Ca was measured at site 1209
in M. velascoensis, and a δ11B pH reconstruction from the same site gives us [B(OH)4-]
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Figure 4: 5-point running mean (blue dots line) of measured B/Ca from Penman et al.
(2014, blue diamonds) and linear interpolation to time points where δ11B was measured
(red diamonds).
estimates (calculated in CO2SYS.m as above).
However, B/Ca and δ11Bwere not measured on the same samples, so we must interpo-
late B/Ca data to the time points when δ11B was measured. To do this, we firstly created
a 5-point running mean of measured B/Ca values in M. velascoensis (Penman et al. 2014,
Table S6, Figure S4). Where multiple measurements were made at a single time point,
measurements from that time interval were averaged before creating the running mean.
To preserve the discrete interval of the PETM from averaging, we created two running
mean sections, one each for the pre- and post-CIE, each using the CIE as the average
starting point. We then linearly interpolated our 5-point running mean values to the time
points of δ11B measurements (Figure S4).





While our experimental conditions only extended to 4000 µmol kg-1 DIC, we assume that
our calibrations extend linearly beyond this point to calculate maximum DIC.
To calculate Ωcalcite associated with this calculated DIC excursion, we used the
CO2SYS.m script to solve for the carbonate system at each time point (Table S6). We
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Figure 5: Schematic for PETM carbonate chemistry calculations. The calibration or as-
sumptions used in each calculation step are shown in grey. Steps where the CO2sys.m
Matlab script was used to calculate the carbonate system are noted.
used the same T, S, and pH parameterizations as in the descriptions above, and varied
DIC according to our calculated values.
Alternate Calibration Scenario
In our highest DIC experiment, two replicates show good reproducibility while one is sig-
nificantly lower by about 10 µmol/mol (Figure 3, Figure S6, see main text for details). We
investigate the alternate calibration scenario in which we include this lower replicate in
our linear regression. Including this data point in our regression increases the sensitivity
of our calibration (slope m= 1495 ± 302 versus 1147 ± 283), though the two are within 2σ
uncertainty of each other. We explore the implications of using the more sensitive cali-
bration for application to PETM data in Figure S7. When the one low replicate is included
in the calibration, it decreases the reconstructed ΔDIC excursion to +1000 µmol kg-1,
compared to the +2500 µmol kg-1 increase observed when the replicate is not included.
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Figure 6: Scenarios for calibration fits to modern and Paleocene B/Ca culture data. The
modern seawater data of Allen et al. (2011) are shown in black. pH experiments at con-
stant DIC= 2000 µmol kg-1 (purple circles) and 3000 µmol kg-1 (red circles) are shown as in
main text Figure 3. DIC experiments (at constant pHTot=7.8) are shown in blue with a lin-
ear fit added. The green line is a linear fit to all data where [B(OH)4-]/DIC <0.03, excluding
the DIC=2063 µmol kg-1 experiment and the DIC=4000 µmol kg-1 replicate that is lower
(light blue circles). A logarithmic fit to all of the data is shown in the dashed line. While
the fit appears to explain the data when [B(OH)4-]/DIC<0.03, at [B(OH)4-]/DIC>0.03 pH
and DIC experiments diverge, precluding a simple singular fit to the data.
In addition, calculated Ωcalcite no longer significantly increases in this scenario, which is
more consistent with the notion of PETM surface ocean acidification (Penman et al. 2014)
than a large increase in Ωcalcite.
This result illustrates that by calibrating only one foraminifera species for the “Pale-
ocene”, the calibration uncertainties on reconstructing ΔDIC or Ωcalcite at the PETM are
rather large for quantitative application; a small change in calibration formulation has
the capacity to change the overall interpretation of the record entirely. Consequently,
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Figure 7: Reconstructed DIC and Ωcalcite using two formulations of the Paleocene B/Ca
calibration. The blue line shows the case where the lower replicate from our highest
DIC experiment (LH5) is not included. The red line shows the reconstructions when the
replicate is included, and calibration sensitivity drastically increases.
calibration of other symbiont-bearing species is necessary to reduce the uncertainty on
PETM ocean acidification estimates, and to further confirm the effect we observe at low
[B(OH)4-]/DIC in the one species (O. universa) that we studied herein.
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Appendix 2. Supplementary Materials
for Chapter 3
This section includes supplementary figures, discussion and data to Chapter 3: Develop-
ment of the B/Ca proxy in planktic foraminifera for quantitative application to Paleo-



























Figure 1: Calculation of interpolated B/Ca for comparison to [B]T experiments conducted
at pH=7.9. pH experiment data are from Allen et al. (2012). [B(OH)4-/DIC] was calculated





















Paleocene SW, DIC = 1000 µmol/kg
Paleocene SW, DIC = 2000 µmol/kg
Paleocene SW, DIC = 3000 µmol/kg
Paleocene SW, DIC = 4000 µmol/kg
O. universa (Haynes et al. 2017)
T. sacculifer 
Figure 2: Paleocene Carbonate Chemistry Experiments and divergent results at low DIC
versus high pH. Foraminiferal culture data are plotted versus [B(OH)4-/DIC]. B/Ca shows
a different response at high [B(OH)4-/DIC] depending on which variable is changed: pH
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 Cellular pH up-regulation case 
Cellular [B] regulation case
Cellular DIC regulation case
Figure 3: Testing hypothetical control of internal cellular [B], [DIC], and pH regulation
on foraminiferal B/Ca across changing seawater DIC. In A, C, and E, we show calcu-
lated microenvironment [B(OH)4-/DIC] across a range of seawater DIC values (1000-4000
µmol/kg). In A, we assume foraminifers up-regulate their internal pH by a certain amount;
in C, we assume foraminifers regulate [B]T to varying degrees; and in E we assume that
foraminifers up-regulate their internal DIC concentration by variable amounts. In B, D,
and F, we show the normalized relationships to [B(OH)4-/DIC] at DIC=2000 µmol/kg, as
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Figure 4: Normalized B/Ca culture relationships each have positive y-intercepts. Pastel
data were conducted in modern seawater (Allen et al. 2011, 2012); Bold data were con-
ducted in “Paleocene” seawater chemistry (Haynes et al. 2017, This study).
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Table 1: Growth parameters in culture experiments




LH 1SA 8 0.035 0.006 666 72
LH 1Sb 6 0.048 0.025 754 66
LH 9S 13 0.041 0.014 656 78
LH 4S 10 0.053 0.012 677 105
LH 10SA 7 0.052 0.015 643 53
LH 10SB 5 0.053 0.021 697 130
LH 10SC 5 0.065 0.028 784 91
LH12SA 8 0.063 0.031 773 96
LH12SB 12 0.037 0.011 650 90
High [Ca]
LH 5SA 6 0.081 0.029 795 43
LH5SB 9 0.063 0.03 663 159
Variable [B]
LH6S 10 0.048 0.02 653 87
LH8S 6 0.055 0.013 696 51
G. ruber
Paleocene pH
LH11R 27 0.011 0.007 496 256
LH1R 17 0.01 0.005 487 84
LH9R 15 0.014 0.018 432 182
High [Ca]
LH5RA 11 0.031 0.006 636 60
Variable [B]
LH6R 25 0.015 0.013 464 201
LH8R 20 0.016 0.012 522 93
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Appendix 3. Supplementary Materials
for Chapter 4
This section includes supplementary figures, discussion and data to Chapter 4:
Paleocene-Eocene Perturbation to the Oceanic Dissolved Inorganic Carbon Reservoir
Supports Contributions from Volcanic Carbon
Supplementary Discussion
Sensitivity of Reconstructed DIC to Input Parameters
In order to assess the uncertainties that our input assumptions imply for our DIC recon-
struction, we conducted a series of sensitivity studies, where: 1) T ranges from 3-6℃, 2) S
stays constant across the excursion, 3) seawater [B]T is higher (at the modern value, 432
µmol/kg), 4) background pHwas lower (7.671 instead of 7.82), and 5) background seawater
DIC was higher, according to the pre-PETM baseline of the LOSCAR model runs of Zeebe
et al. (2009, 1920 µmol/kg, Fig. S2). S, T, and [B]T impose a negligible impact on our resul-
tant reconstructed DIC values. Background DIC and pH also impose a somewhat larger
effect, with both causing an overall increase in the magnitude of the DIC excursion. We
further note that the culture calibrations used here were conducted at a seawater Mg/Ca
(Mg/Casw) =1.5 mol/mol, which has been estimated for the Paleocene ocean (Lowenstein
et al. 2014, Lemarchand et al. 2000). Because this value is not precisely known, this also
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introduces an additional factor of uncertainty in our estimates. However, because 1.5
mol/mol is a lower end member estimate for Mg/Casw (e.g. Lowenstein et al. 2014, Evans
et al. 2017), our calibration therefore offers a maximum estimate of B/Ca sensitivity to
[B(OH)4-/DIC] and minimum estimates of DIC change. Furthermore, changing Mg/Casw
does not impose any influence on reconstructed DIC via its influence on the carbon and
boron system dissociation constants (not shown). Uncertainty in input parameters and
Mg/Casw therefore does not change our fundamental conclusion that DIC increased by
at least +375 µmol/kg from a prescribed pre-PETM DIC of 1760 µmol/kg to at least 2138
µmol/kg during the peak-PETM acidification phase (5-6 kyr post-CIE, Table S1).
Sensitivity of δ13Csource to input parameters
The input assumptions of this analysis do not significantly influence our mean calculated
δ13Csource. The ODP 1209 record is undoubtedly truncated by some degree of dissolution,
such that the CIE is not fully preserved (Bralower et al. 2014). However, assuming a
maximum CIE magnitude of -4‰ (compared to -3.25‰ recorded at Site 1209) would only
change our mean reconstructed δ13Csource to -11‰ (Table S2). Another possibility is that
M. velascoensis δ13C records are affected by symbiont “bleaching” during peak warming
(Si and Aubry 2018). Whereas size-specific δ13C data from Site 1209 are not yet available
to test for symbiont bleaching at this site, δ11B-size relationships do not change across the
event, suggesting no major vital effect changes (Penman et al. 2014). In any case, reduced
symbiont activity would cause foraminifer records to over-estimate the CIE magnitude
due to a greater fraction of isotopically light carbon incorporated in the foraminiferal
shell (Dunkley Jones et al. 2013). Consequently, if bleaching did occur, it would have
biased δ13Csource to too low values.
Finally, our assumed surface-deep ocean DIC gradient (and therefore overall ocean
DIC reservoir size) has the potential to influence δ13Csource via the mass balance equa-
tion (2). If the DIC gradient changed across the PETM, sedimentary evidence suggests
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that it would have steepened, as barite accumulation records from Site 1209 and other
locations indicate an increase in export production during the peak-PETM (Ma2018). Be-
cause we extrapolate from surface ocean DIC, this would cause us to under-estimate peak-
PETM whole ocean DIC and again require an even higher δ13Csource. Finally, assuming a
pre-event surface ocean DIC value of 1920 µmol/kg as prescribed in the LOSCAR model
(Zeebe et al. 2009) would yield a larger DIC inventory, but our calculated DIC excursion
would also be slightly greater (mean= +1260 µmol/kg), corresponding to the same mean
predicted δ13Csource (-9‰, Table S2).
Model-Data comparison during the PETM Recovery
In addition to suggesting amore rapidDIC increase during the PETMonset, proxy-derived
DIC estimates recover faster than modeled DIC excursions (Fig. 3A). At face value, this
suggests more rapid oceanic carbon removal during the recovery phase than models pre-
dict. However, the fast recovery that we reconstruct here may instead yield from the fact
that B/Ca data during the recovery phase from Site 1209 show a wide variability (Fig.
1B). In comparison, surface-dwelling Acarinina spp. from the same site record lower B/Ca
values during the recovery, while the peak-PETM excursion is similar in magnitude (71-
45 and 70-45 µmol/mol in Acaranina and Morozovella, respectively, Penman et al. 2014).
Therefore, further paired high-resolution B/Ca and δ11B records, as well as possibly δ15N
records, will be necessary to constrain the recovery of ocean DIC as weathering and or-
ganic carbon burial feedbacks mitigated the PETM C excursion.
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Supplementary Figures and Tables
Rel. B/Ca = 16.89 +/- 1.5 (B(OH)4
-/DIC) +0.37 +/- 0.03
R2= 0.98
Normalized Calibration
















































Figure 1: Normalized B/Ca calibrations for application to the PETM excursion. Raw B/Ca
culture data of Haynes et al. (2017, 2019) from two modern species- O. universa and T.
sacculifer- are shown in panel A. B/Ca data are then normalized to each species’ B/Ca
values at the calculated pre-PETM B(OH)4-/DIC ratio of 0.037 (grey boxes, and panel B).
In doing so, the calibration is scaled to assume a pre-PETMnormalized B/Ca of 1 (grey box,
panel B).The combined dual-species calibration with corresponding slope uncertainties is
shown in panel B. Error bars reflect 2σ uncertainties on measured B/Ca and culture water
[B(OH)4-/DIC].
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ΔT = 3-6°CMean DIC
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Figure 2: Effects of assumed input parameters (T, S, [B]T, baseline pH and baseline DIC) on
reconstructed B/Ca. In black, we showmean reconstructed DIC as in Fig. 1D.The colored
lines reflect DIC scenarios that test the influence of the various input parameters for this
calculation. The corresponding colors to sensitivity tests is as follows: orange, we assume
no change in S across the PETM; green, we assume a modern [B]T value (and thus slightly
higher overall [B(OH)4-]); purple, we assume a lower background pH of 7.67 rather than
7.8; blue, we assume a different starting DIC of 1920 µmol/kg, which is the value predicted
by recent LOSCAR model runs (Zeebe et al. 2009). In the righthand panel, we test the
influence of assuming a temperature excursion of 3-6℃, compared to the 5℃ excursion
employed in our mean analysis. In each of these cases, the assumed input parameter
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Figure 3: Earth System Model output of Surface and Benthic DIC Trajectories across the
peak-PETM. Results from a GENIE model run assuming a 10,000 PgC input is shown in
solid lines (Gutjahr et al. 2017), whereas a LOSCARmodel run assuming a 3,300 PgC input
is shown in stippled lines (Zeebe et al. 2009). In LOSCAR, the “surface” and “benthic”
output shown are from the model’s shallow and deep Pacific boxes, respectively. In the
case of the GENIE model output, we show the estimated global ocean surface and benthic
DIC response.
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Figure 4: The influence of assumed vital effect correction on δ13C of Morozovella velas-
coensis on reconstructed δ13Csource. In our primary analysis we assume a vital effect of
-2‰. across the entire peak-PETM interval (black line). Assuming a vital effect of -1 or -
3‰ (blue and purple lines, respectively) does not significantly change our conclusion that
δ13Csource likely included contributions from volcanic carbon. 95% confidence intervals are





























Figure 5: Calculation Schematic for determining DIC and full carbon system parameters.
Adapted from Haynes et al. (2017). The assumptions utilized in each calculation step are
included with each arrow.
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DIC =            B(OH)4
-
(B/Ca - 0.365)/16.8895 +/- 1.52
Figure 6: Demonstrated non-linearity of the DIC calibration at low normalized B/Ca.
When Monte Carlo simulation of errors reaches high DIC values, they are likely to be
amplified by the reciprocal function (shaded 95% confidence region). In this illustrative
case, we test the influence of slope uncertainty on reconstructed DIC and assume a set
B(OH)4- of 40 µmol/kg.
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Zeebe & Tyrrell 2019
Hain et al. 2015, 2018
Figure 7: The influence of Ca and Mg on reconstructed carbon system parameters via the
parameterization of carbon system dissociation constants. The black scenario shows the
correction for K1, K2, and Ksp derived by Zeebe and Tyrrell (2019), while the red scenario




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 4. Supplementary Materials
for Chapter 5
This section includes supplementary data tables forChapter 5: Carbon system influences




















































































Table 2: Coefficients of power fits for Mg/Cacalcite-Mg/Casw relationships defined from
culture experiments (Figure 3).
Species F H
O. universa 3.1 0.55
G. ruber(pink) 2.26 0.35
T. sacculifer 1.13 0.74
Table 3: Calibration parameter values used in translation of Mg/Ca to temperatures for
each species.
Species F H Mg/Casw A Value Calculated Mg/Ca Calculated B Value
G. ruber(pink) 2.26 0.35 5.1 0.084 3.97 0.45
G. ruber (pink) 2.26 0.35 3.4 0.075 3.45 0.49
G. ruber (pink) 2.26 0.35 2.6 0.05 3.14 0.86
T. sacculifer 1.13 0.74 5.1 0.09 3.77 0.36
T. sacculifer 1.13 0.74 3.4 0.075 2.80 0.40
T. sacculifer 1.13 0.74 2.6 0.05 2.30 0.63
O. universa 3.10 0.55 5.1 0.095 7.53 0.64
O. universa 3.10 0.55 3.4 0.075 6.04 0.86
O. universa 3.10 0.55 2.6 0.05 5.21 1.42
Mg/Casw= 5.1 sensitivities yield from the following studies:
O. universa: Holland et al. (in rev.), G. ruber : Kısakürek et al. (2004), T. sacculifer (Nürnberg et al. 1996).
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